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ABSTRACT 

The interactions between radio-loud AGN and their environments play an important role in 
galaxy and cluster evolution. Recent work has demonstrated fundamental differences between 
High and Low Excitation Radio Galaxies (HERGs and LERGs), and shown that they may 
have different relationships with their environments. In the Chandra Large Project ERA (En¬ 
vironments of Radio-loud AGN), we made the first systematic X-ray environmental study of 
the cluster environments of radio galaxies at a single epoch {z ^ 0.5), and found tentative 
evidence for a correlation between radio luminosity and cluster X-ray lumino sity. We also 
found that this relationship appeared to be driven by the LERG sub-population (llneson et al.l 
I2013h . 

We have now repeated the analysis with a low redshift sample (z ^ 0.1), and found strong 
correlations between radio luminosity and environment richness and between radio luminosity 
and central density for the LERGs but not for the HERGs. These results are consistent with 
models in which the HERGs are fuelled from accretion discs maintained from local reservoirs 
of gas, while LERGs are fuelled more directly by gas ingested from the intra-cluster medium. 

Comparing the samples, we found that although the maximum environment richness of 
the HERG environments is similar in both samples, there are poorer HERG environments 
in the z ~ 0.1 sample than in the z ~ 0.5 sample. We have therefore tentative evidence 
of evolution of the HERG environments. We found no differences between the LERG sub¬ 
samples for the two epochs, as would be expected if radio and cluster luminosity are related. 
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1 INTRODUCTION 


The feedback cycles of radio-loud 

AGN play an important role in 

galaxy evolution te.g. Croton et al. 

2006 

:ISiiacki & SoringellbOOd; 

iMartizzi et al.ll20l4 ISchave et all 

2015 

), and we need to under- 


stand the processes that affect their behaviour in order to model 
galaxy formation and development. Over the past few years, com¬ 
pelling evidence has been uncovered for the importance of the di¬ 
chotomy in the spectral types of radio-loud AGN — the High and 
Low Excitation Radio Galaxies (HERGs, also known as radio-loud 
radiative mode AGN, and LERGs, or Jet-mode AGN) — and their 
different processes, environments and roles in galaxy evolution. 
Th e current state of play i s cover ed co mprehensively in t he rev iews 
by iMcNamara & NuIsm ( 12012h and iHeckman & Besj ( l2014ll . so 
we will restrict ourselves to a brief description of the observational 
evidence and processes of interest for this paper. 


The two types of radio galaxy have diff e rent accretion rates 
(e.g. iBest & Heckmaij|2012l: ISon et al.ll2012l: iMingo et al.l|20l4 
iGtirkan et al J |20 14 : Fernandes et al. 2015I) . with the majority of 
HERGs having Eddington ratios of > 1 per cent and LERGs 

of < 1 per cent, albeit with some overlap. The host galax¬ 

ies display a different evolutionary p hase, with HERG s tending 
to have lower mass than LERGs (e.g. iTasse et ^JgOOSySmolcj^ 
2009t [Best & Heckman! l2012ll. to be bluer (e.g. ISmolcid l2009l : 


Janssen et alj|2012 : Herbert_e^alj 2010h . and to have ongoing star 
formation (eg. Hardcastle et al.ll2013h . 


The dichotomy in accretion rate appears to be related to differ¬ 
ent accretion methods. HERGs, in common with radio-quiet radia¬ 
tive mode AGN, are thought to be fuelled by cold gas which builds 
some for m of accretion disc and giv es rise to radiatively efficient 
accretion dShakura & Sunvaevll973h . The radiation from the accre¬ 
tion disc indirectly gives rise to X-ray emission from the nucleus 
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and IR from the surrounding dusty torus. Cold fuel is channelled 
into the galaxy centre, and because the host galaxies have a plenti¬ 
ful supply of cold gas, there is also fuel available for star formation. 
The high accretion rate adds mass to the black hole, and radiative 
mode AGN are thought to be responsibl e for black hole growth an d 
the bulge-black hole mass relation le.e. llshibashi & Fabianll20l^ . 

Galaxy mergers and interactions are thought to be a major 
so urce of new gas for H ERGs. The predicted galaxy merger rates 
of lHopkins et al.l (l2008h reproduced the observed population prop¬ 
erties of QSOs - luminosity functions, fractions and clustering - 
suggesting that mer gers and interactions could b e a triggering and 
fueling mechanism. iRamos Almeida et al.l (12012h looked for signs 
of interactions in HERGs and comparable quiescent galaxies and 
found a substantially higher proportion of HERGs than quiescent 
galaxies with comparably bright interaction features (90 per cent 
vs 50 per cent), implying that interactions are likely to be part of 
the triggering process. (Since interaction features endure for sub¬ 
stantially longer than the active phase of a HERG, they calculated 
that we s hould expect HERGs i n 1-10 per cent of disturbed el¬ 
lipticals.) iTadhunter et al.l ( l2014h estimated that gas reservoirs of 
around 10® Mq are required to sustain activity over the expected 
duty cycle of a HERG. They found that this matched observed 
HERG gas reservoirs whereas the reservoirs for quiescent galaxies 
are, on average, lower. The fact that there are also quiescent galax¬ 
ies with large gas reservoirs suggests that the size of the reservoir 
alone is not sufficient to trigger activity, and that gas distribution 
and kinematics also play a part. 

The fuelling mechanism for LERGs is more uncertain. They 
do not show the characteristic optical and X-ray features of ra- 
diatively efficient accretion seen in radiative mode AGN, and 
it is likely that they are fuelled by a hot, radiatively ineffi- 
cient flow or advec tion dominated accretion flow (ADAE, e.g. 


Naravan & Yil 1 19941). Bondi 
enough energy for the lowei 

20061:iHardcastle et alJ2007hll 

accretion of hot gas could provide 
luminosity nonulation dAllen et al.l 
, so such sources could be fuelled by 
probably insufficient for the more lu- 
I 2 OI 3 I. - although this is disputed bv 

a form of hot floi 

minous sources 

v, but this is 
Russell et al 

Fuiita et al.l2014 

). A number of researchers (e.g. Pizzolato & Soken 

2 OO 5 I: iGasnari et alJl2012Ll2013l:IVoit & Donahue! |2015h discuss a 


process of chaotic accretion of cool gas clouds, which they find to 
be capable of releasing more than sufficient energy for the most 
powerful sources. In this model, filaments and blobs of cooling gas 
are channelled in from the ICM at large radii to form a central, ro¬ 
tating torus, and these gas clumps then collide and accrete, with 
both processes releasing energy. The cycle is controlled by the cen¬ 
tral entropy, which reduces the gas movement into the centre when 
high, but then drops again as the cold gas in the centre is accreted 
and removed by the jets. This allows the gas inflow to increase. 
Temperatures, accretion rates and jet powers thus vary (and in the 
case of lower power systems may turn otf) during a well-regulated 
cycle that can be maintained for perhaps 10® years. 

Looking now at the cluster environments of the radio-loud 
AGN, the radio jets transport energy a considerable distance 
into the cluster, and are themselves affected by the intra-cluster 
medium. A common feature of all proposed LERG fuelling mod¬ 
els is that they obtain material from within the ICM, so do the 
properties of the large-scale cluster environment in their turn affect 
the feedback loop maintaining the AGN, or are the AGN proper¬ 
ties solely determined by the more local environment of the host 
galaxy? And how does does this disruption of the cluster environ¬ 
ment affect its evolution? 

It has been suggested for some time that there is a differ¬ 


ence between the environments of HERGs and LERGs. At lower 
redshifts {z < 0.4), the consensus of a number of studies is that 
HERGs appear to occupy a narrow ra nge of relatively sparse envi- 
ronments cor npared with LERGs (e.g. lSes ll2004lHardcastlel2004 
iGendre et alj|2013li . There is also some evidence t hat HERGs oc¬ 
cupied richer environments in earlier epochs (e.g. Ilfavanek et al.l 
I 2 OOII : iBelsole et al.ll2004 iRamos Almeida et al.llTOLlIk ' suggesting 

evolut ion o f the large-scale environm ent; conversely, IWold et al.l 
(I 2 OOOI) and iMcLure & Dunlod (1200 ih found no evidence of evo¬ 
lution. 

There are also mixed results when looking for relationships 
between radio luminosity and the cluster environment. ISes ]( l2004h 
found a correlation for LERGs but not f or HERGs in the lower red- 
shift r ange, as did llneson et al.l ( 1201 3h at 2; ~ 0.5. IBelsole et al.l 
(l2007h found no correlati on for a mixed sam ple of mainly HERGs 
at higher redshifts, while IWold et alJ (l2000h . again at higher red¬ 
shifts, found a correlation for QSOs. 

There are a number of different me asures of cluster rich ness, 
so comparing resul ts needs some caution, feelsole et alJ (l2007h and 
llneson et al.l ( l2013l) used X-ray luminosity within the virial radius 
and i? 5 oo respectively. The other studies cited above all used op- 
tical metho ds - a variation on the ‘nearest neighbours’ method 
( lBeslll2004 : g alaxy counts above a specified magnitude within 
1 Mpc radius dGendre et al.l I20l4) ; and the galaxy-galaxy spa¬ 
tial covariance function Bgg c alculated within a var i ety of radii 
depending on the ima ge size dHarvanek et a |200lJjHaidcptl^ 
|2004IW(3M et alJbOOOl use 0.5 Mpc^McLure & Dunlod1200 ll 


180 kpc: IRamos Almeida et ^ I 2 OI 3 I use 170 kpc). The differ¬ 
ent measures of cluster richness correlate , (e.g. Woldet 'Zll200d: 


lYee & Ellingsonl[2003l : iLedlow et alj|2003l : llneson et al.ll2013l) . but 

with a large amount of scatter so conversion between the methods 
is unreliable. 

The different sizes of g alaxy count regions may also present a 
problem. [Tasse et al.l d^OSh calculated galaxy overdensities within 
three different radii (75 kpc, 250 kpc and 450 kpc). Differences be¬ 
tween 250 and 450 kpc were present but not strong, but the results 
for 75 kpc, which would capture interacting galaxies, were strik¬ 
ingly different from the larger-scale radii. The HERG-dominated 
population in particular was very overdense within 75 kpc but un- 
derdense within the higher radii. Studies using galaxy count regions 
with large and small radii may therefore be capturing different ef¬ 
fects. 

Furthermore, if there is evolution of the environment, studies 
of environment richness at high and low redshift may not be di¬ 
rectly comparable and studies covering a wide redshift range are at 
risk of confounding factors. In addition, the Malmquist bias in flux- 
limited samples, the changes in HERG and LERG populations with 
redshift and the paucity of powerful local sources also need to be 
taken into account during sample selection and data analysis. The 
studies cited above all agree on the differences between HERG and 
LERG environments at relatively low redshifts; the disagreements 
come when making comparisons across wider redshift ranges. 

In the ERA (Environments of Radio-loud AGN) programme, 
we are making a systematic examination of the effects of epoch 
and environment on the properties of radio-loud AGN in order to 
address the two questions separately: is radio luminosity is related 
to the large-scale cluster enviro nment? and does t he environment 
evolve with epoch? In phase 1 ilneson et al.ll2013L 113 hereafter), 
we used the ERA sample (Figure [T]l to compare radio luminos¬ 
ity and the hot gas environment within a limited redshift range 
(0.4 < z < 0.6), thus removing the effects of redshift evolution. 
We found that the LERGs occupied a wide range of environments. 
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and that there was a correlation between radio luminosity and envi¬ 
ronment richness. In contrast, the HERGs occupied a smaller range 
of environment rich nesses and showed no sign of a correlation. 
iHerhert et alj ( |2015[) . using the galaxy-quasar covariance function 
rather than the X-ray luminosity of the ICM found a similar result 
in the same redshift range, as did lSeslI ( l2004h with a lower redshift 
sample (z < 0.1). 

In this paper, we continue the ERA programme by making a 
similar analysis of a low redshift comparison sample with z ~ 0.1, 
to see if the results from the ERA sample carry across to the lower 
redshift, and if there is any evidence of environment change with 
epoch. 

Throughout this paper we use a cosmology in which Hq = 70 
km s“^ Mpc“^, fim = 0.3 and Ga = 0.7. Unless otherwise stated, 
errors are quoted at the Icr level. 


2 THE SAMPLE 


The new sample, hereafter referred to as the zO. 1 sample, consists 
of all radio-loud AGN with visible structure beyond the nucleus ly¬ 
ing in the redshift range 0.01 ^ z ^ 0.2 from tw o flux-limited 
radio surveys: the 3CRR survey i Lamg^eLak 1983ll and the sub¬ 


samp le of the 2J y survey l Wall & Peacock 19851 : Tadhunter et al.l 
1 199^ defined bv iPicken et al.l j2008l) . The initial sample contained 
38 3CRR and 22 2Jy sources, but five sources were excluded. 
3C 382 has currently no suitable Chandra or XMM-Newton ob¬ 
servation, 3C 83.IB, 3C 264 and Abell 1552 lie in the outskirts of 
richer clusters, so that their immediate environments could not be 
disentangled from those of the stronger sources for the spherical 
modelling, while the angular size of the cluster emission of 3C 84 
(Perseus A) is so large that analysis was impractical. The final sam¬ 
ple consists of 55 sources comprising 25 HERGs and 30 LERGS. 
22 of the sources have FRI morphologies, and 33 are FRIIs. 

The properties of the sources are listed in Table [T] and Fig¬ 
ure [T] shows radio luminosity plotted against redshift. The ERA 
sample sources used in 113 are also shown in Figure [T] Po¬ 
sitions, radio luminosities, spectral type and morphologies of 
the s ources were t aken from the on-line 3CRR catalogu^B and 
from iMingo et alj (l2014h . Redshifts were t aken from the mos t 
recent source cited in the 3CRR catalogue, iMingo et^ D <2014h . 


the NASA/IPAC Extragalactic Database (NEDJJ and the SIM- 
BAD astronomical databas Galactic column densities came from 
IPickev & Lockmai] ( Il99d) via the HEASARC tools. 


3 OBSERVATIONS AND DATA PREPARATION 
3.1 X-ray data 

All but two of the X-ray observations for the zO. 1 sample came 
from the Chandra archive; for 3C 31 and 3C 66B we used obser¬ 
vations from the XMM-Newton archive. The XMM-Newton obser¬ 
vations used the three EPIC cameras with the medium filter and 
the Chandra observations used either the ACIS-S3 chip or the four 
ACIS-I chips. Observation IDs and times are given in Table[2 

Initial data processing for the Chandra observations was done 
in the same way as in 113, using the Chandra analysis package 


CIAO v4.5 and CALDB v4.5.8. The files were reprocessed using 
chandraj-epro, with particle background cleaning for observations 
in the VFAINT mode, and background flares were removed using 
deflare. Screened observation times are included in Table[2 

Since the clusters and groups at a ~ 0.1 had a larger angular 
size than the more distant observations in 113, in some cases ex¬ 
tending beyond the observing chip, two additional processes were 
used. In order to correct for vignetting, aspect, chip edges and gaps, 
we created exposure maps using thsfluximage script. We also built 
background files from the Chandra blank sky datasets for each ob¬ 
servation using the method described in the CIAO thread^ These 
were used when generating surface brightness profiles and spectra. 

The XMM-Newton events files were processed in the same 
way as in 113, using using XMM-Newton SAS vl 1.0.0. The repro¬ 
cessed events files were checked for flares and then corrected for 
vignetting using evigweight. Again, the particle background in the 
XMM-Newton source s was removed using the method described by 
ICroston et al.l (l2008al) using the closed filter files supplied courtesy 
of E. Pointecouteau. 

Both the Chandra blank sky files and the XMM-Newton closed 
filter files were scaled by comparing the source and background 
count rates at 10-12 keV (ACIS and MOS cameras) and 12-14 keV 
(pn camera). The background file count rates were scaled by this 
factor. Note that the Chandra blank sky files are cleaned, open filter 
datasets and so can be used to model the ACIS background as well 
as to remove instrumental background whereas the XMM-Newton 
closed filter files remove only the instrumental background. 

We checked for pileup by finding the maximum count rate per 
pixel at the peak of the emission, which we scaled to estimate the 
pileup fractioifl If pileup was greater than 12 per cent, we checked 
the maximum count rate per pixel at increasing radii until pileup 
was less than 12 per cent. We then excluded the central region out 
to this radius. One source had severe pileup (3C 390.3), and three 
had mild pileup (3C 219, 3C 303 and NGC 6251). 

For both the Chandra and XMM-Newton sources, we exam¬ 
ined images of the sources in ds9, overlaying them with the radio 
contours. We identified point sources in the data sets and emission 
associated with the radio lobes, which we excluded during subse¬ 
quent analysis. 


3.2 Radio data 

Radio maps were used to mask out the radio lobes so that any radio- 
related X-ray emission did not contaminate our measurements of 
the cluster properties. All of the 3CRR radio maps except that of 
NGC 7385 were taken from the 3CRR Atla|^ We also used ex¬ 
isting maps for the majority of the 2Jy sources. The remaining 
six maps were made using observations from the VLA and ATCA 
archives and reduced using AIPS in the standard manner. 

Tablel^contains the full details of the radio maps used, includ¬ 
ing references. 


4 ANALYSIS 

The aim of the analysis was to find the temperature and X-ray lumi¬ 
nosity of the ICM emission of the radio galaxies. Where possible. 


^ http://3crr.extragalactic.info/ 

^ http://ned.ipac.caltech.edu/ 

® http://simbad.u-strasbg.fr/simbad/ 


http://cxc.harvard.edu/ciao/threads/acisbackground/ 

® http://cxc.harvaid.edu/csc/memos/files/Davis_pileup.pdf 
® http://www.jb.man.ac.uk/atlas 
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Table 1. The zO. 1 sample 


Source 

RA (J2000) Dec 
h m s deg min sec 

Redshift 

Scale 

kpc arcsec~^ 

logic Li51 

W Hz“^ sr~^ 

Type 

FR 

Moiphology 

nH 

xlO^O cm-2 

3C 28 

00 55 50.65 

+26 24 37.3 

0.195 

3.23 

26.24 

LERG 

2 

5.39 

3C31 

01 07 24.96 

+32 24 45.2 

0.017 

0.34 

24.30 

LERG 

1 

5.36 

3C 33 

01 08 52.86 

+13 20 14.2 

0.060 

1.15 

25.93 

HERG 

2 

3.90 

3C 35 

01 12 02.26 

+49 28 35.5 

0.067 

1.28 

25.34 

LERG 

2 

13.00 

3C 66B 

02 23 11.41 

+42 59 31.5 

0.021 

0.43 

24.68 

LERG 

1 

9.15 

3C 76.1 

03 03 14.99 

+16 26 19.0 

0.033 

0.65 

24.73 

LERG 

1 

10.60 

3C 98 

03 58 54.43 

+10 26 02.8 

0.031 

0.62 

25.28 

HERG 

2 

15.10 

3C 192 

08 05 35.01 

+24 09 49.7 

0.060 

1.15 

25.53 

HERG 

2 

4.21 

3C219 

09 21 08.63 

+45 38 57.3 

0.174 

2.95 

26.52 

HERG 

2 

1.51 

3C 236 

10 06 01.76 

+34 54 10.2 

0.099 

1.83 

25.82 

LERG 

2 

1.23 

3C 285 

13 21 17.86 

+42 35 14.8 

0.079 

1.50 

25.51 

HERG 

2 

1.27 

3C 293 

13 52 17.80 

+31 26 46.4 

0.045 

0.89 

25.04 

LERG 

1 

1.29 

3C 296 

14 16 52.98 

+10 48 27.2 

0.025 

0.50 

24.50 

LERG 

1 

1.88 

3C 303 

14 43 02.76 

+52 01 37.2 

0.141 

2.48 

25.75 

HERG 

2 

1.58 

3C 305 

14 49 21.64 

+63 16 14.0 

0.042 

0.82 

25.08 

HERG 

1 

1.70 

3C310 

15 04 57.11 

+26 00 58.3 

0.054 

1.05 

25.87 

LERG 

1 

3.70 

3C 321 

15 31 43.46 

+24 04 19.0 

0.096 

1.78 

25.76 

HERG 

2 

4.11 

3C 326 

15 52 09.10 

+20 05 48.3 

0.089 

1.67 

25.87 

LERG 

2 

3.81 

3C 338 

16 28 38.29 

+39 33 04.2 

0.031 

0.62 

25.30 

LERG 

1 

0.86 

3C 346 

16 43 48.60 

+17 15 49.4 

0.162 

2.79 

25.85 

HERG 

1 

5.67 

3C386 

18 38 26.22 

+17 11 50.2 

0.017 

0.35 

24.50 

LERG 

1 

18.10 

3C388 

18 44 02.35 

+45 33 29.6 

0.091 

1.70 

25.95 

LERG 

2 

6.47 

3C 390.3 

18 42 08.93 

+79 46 17.2 

0.056 

1.09 

25.82 

HERG 

2 

4.27 

3C 433 

21 23 44.56 

+25 04 28.0 

0.102 

1.88 

26.15 

HERG 

2 

11.90 

3C 442A 

22 14 46.88 

+13 50 27.2 

0.026 

0.53 

24.70 

LERG 

1 

5.07 

3C449 

22 31 20.62 

+39 21 30.1 

0.017 

0.35 

24.16 

LERG 

1 

12.00 

3C 452 

22 45 48.75 

+39 41 15.9 

0.081 

1.53 

26.21 

HERG 

2 

11.30 

3C 465 

23 38 29.36 

+27 01 53.4 

0.030 

0.61 

25.15 

LERG 

1 

5.01 

4C 73.08 

09 49 45.78 

+73 14 23.1 

0.059 

1.14 

25.34 

HERG 

2 

2.29 

DA 240 

07 48 36.82 

+55 48 59.5 

0.036 

0.71 

25.07 

LERG 

2 

4.52 

NGC 6109 

16 17 40.56 

+35 00 15.7 

0.030 

0.59 

24.61 

LERG 

1 

1.33 

NGC6251 

16 32 31.95 

+82 32 16.4 

0.025 

0.50 

24.39 

LERG 

1 

5.65 

NGC 7385 

22 49 54.59 

+11 36 32.5 

0.026 

0.53 

24.43 

LERG 

1 

5.11 

PKS 0034-01 

00 37 49.18 

-01 09 08.2 

0.073 

1.40 

25.54 

LERG 

2 

3.07 

PKS 0038-t09 

00 40 50.53 

+10 03 26.8 

0.188 

3.14 

26.44 

HERG 

2 

5.51 

PKS 0043-42 

00 46 17.75 

-42 07 51.4 

0.116 

2.10 

26.23 

LERG 

2 

2.21 

PKS 0213-13 

02 15 37.5 

-12 59 30.5 

0.147 

2.57 

26.23 

HERG 

2 

1.92 

PKS 0349-27 

03 51 35.81 

-27 44 33.8 

0.066 

1.26 

25.55 

HERG 

2 

0.99 

PKS 0404-t03 

04 07 16.49 

+03 42 25.8 

0.089 

1.66 

25.89 

HERG 

2 

11.90 

PKS 0442-28 

04 44 37.67 

-28 09 54.6 

0.147 

2.57 

26.33 

HERG 

2 

2.43 

PKS 0620-52 

06 21 43.29 

-52 41 33.3 

0.051 

1.00 

25.12 

LERG 

1 

5.17 

PKS 0625-35 

06 27 6.65 

-35 29 16.3 

0.055 

1.06 

25.41 

LERG 

1 

7.24 

PKS 0625-53 

06 26 20.44 

-53 41 35.2 

0.054 

1.05 

25.35 

LERG 

2 

5.42 

PKS 0806-10 

08 08 53.600 

-10 27 39.71 

0.109 

1.99 

25.92 

HERG 

2 

7.74 

PKS 0915-11 

09 18 05.67 

-12 05 44.0 

0.055 

1.07 

26.21 

LERG 

1 

4.93 

PKS 0945-t07 

09 47 45.15 

+07 25 20.4 

0.086 

1.62 

25.91 

HERG 

2 

3.00 

PKS 1559-t02 

16 02 27.38 

+01 57 55.7 

0.104 

1.91 

26.12 

HERG 

2 

6.44 

PKS 1648-t05 

16 51 08.16 

+04 59 33.8 

0.155 

2.69 

27.14 

LERG 

1 

6.33 

PKS 1733-56 

17 37 35.80 

-56 34 03.4 

0.099 

1.82 

26.13 

HERG 

2 

8.29 

PKS 1839-48 

18 43 14.64 

-48 36 23.3 

0.111 

2.02 

25.83 

LERG 

1 

5.62 

PKS 1949-t02 

19 52 15.77 

+02 30 23.1 

0.059 

1.14 

25.53 

HERG 

2 

14.30 

PKS 1954-55 

19 58 16.64 

-55 09 39.7 

0.058 

1.13 

25.57 

LERG 

1 

4.52 

PKS 2211-17 

22 14 25.78 

-17 01 36.3 

0.153 

2.66 

26.37 

LERG 

2 

2.61 

PKS 2221-02 

22 23 49.57 

-02 08 12.4 

0.056 

1.09 

25.48 

HERG 

2 

4.87 

PKS 2356-61 

23 59 04.50 

-60 54 59.1 

0.096 

1.78 

26.27 

HERG 

2 

2.38 


the temperature was obtained by spectral analysis; when there were The appendix contains brief notes on the individual sources, 

insufficient counts, it was estimated from the count rate in a self- 
consistent way, as described in Section lrTI The luminosity was de¬ 
termined by integrating the surface brightness profiles to the i? 5 oo 
overdensity radius (defined in Section l4Tt . 
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Table 2. Observation data for the zO.l sample 


Source 

Instrument 

X-ray“ 

Observation 

ID 

Exposure^ 
time (ks) 

Screened^ 
time (ks) 

Radio map 
freq. (GHz) 

Resolution 

(arcsec) 

Ref. 

3C 28 

C 

3233 

50.38 

49.30 

1.4 

1.1 X 1.1 

1 

3C31 

XMM 

551720101 

50.00 

24.00 

0.61 

52 X 29 

1 

3C33 

C 

6910, 7200 

39.83 

39.61 

1.5 

4x4 

1 

3C 35 

c 

10240 

25.63 

25.63 

1.4 

14 X 12 

1 

3C 66B 

XMM 

0002970201 

17.86 

13.39 

1.4 

12 X 12 

1 

3C 76.1 

C 

9298 

8.06 

8.06 

1.5 

4.9 X 4.9 

1 

3C 98 

c 

10234 

31.71 

31.71 

4.9 

3.7 X 3.7 

1 

3C 192 

c 

9270 

10.02 

9.62 

1.4 

3.9 X 3.9 

1 

3C219 

c 

827 

19.24 

16.79 

1.5 

1.4 X 1.4 

1 

3C 236 

c 

10249 

40.50 

40.50 

0.61 

28 X 28 

1 

3C 285 

c 

6911 

39.62 

39.61 

1.5 

5.5 X 5.5 

1 

3C 293 

c 

12712 

67.81 

67.22 

1.5 

7.6 X 7.6 

1 

3C 296 

c 

3968 

49.43 

48.91 

1.5 

4.9 X 4.9 

1 

3C 303 

c 

1623 

15.10 

14.95 

1.5 

1.2 X 1.2 

1 

3C 305 

c 

12797,13211 

57.32 

57.31 

1.5 

0.15 X 0.15 

1 

3C310 

c 

11845 

57.58 

57.16 

1.5 

4x4 

1 

3C 321 

c 

3138 

47.13 

46.87 

1.5 

1.4 X 1.4 

1 

3C 326 

c 

10908, 10242 

45.81 

45.81 

1.4 

14 X 39 

1 

3C338 

c 

10748 

40.58 

40.58 

4.9 

1x1 

1 

3C 346 

c 

3129 

46.69 

39.91 

1.5 

0.35 X 0.35 

1 

3C386 

c 

10232 

29.29 

29.29 

1.5 

5.8 X 5.8 

1 

3C388 

c 

5295 

30.71 

30.31 

1.4 

1.3 X 1.3 

1 

3C 390.3 

c 

830 

33.97 

28.60 

1.6 

2.8 X 2.8 

1 

3C 433 

c 

7881 

38.19 

37.15 

8.5 

0.75 X 0.75 

1 

3C 442A 

c 

5635, 6353 

40.99 

40.79 

1.4 

7.5 X 7.5 

1 

3C 449 

c 

4057 

29.18 

24.99 

0.61 

30 X 48 

1 

3C452 

c 

2195 

79.92 

79.53 

1.4 

6x6 

1 

3C465 

c 

4816 

49.53 

49.49 

1.4 

5.4 X 5.4 

1 

4C 73.08 

c 

10239 

28.52 

28.52 

0.61 

30 X 30 

1 

DA 240 

c 

10237 

24.08 

24.08 

0.61 

34 X 34 

1 

NGC 6109 

c 

3985 

19.39 

13.42 

1.4 

13 X 13 

1 

NGC 6251 

c 

847 

37.44 

30.67 

0.33 

55 X 55 

1 

NGC 7385 

c 

10233 

39.33 

39.33 

4.9 

4.9 X 3.6 

2 

PKS 0034-01 

c 

2178 

27.52 

26.54 

4.9 

4.5 X 3.7 

3 

PKS 0038-1-09 

c 

9293 

7.94 

7.94 

4.9 

4.4 X 3.4 

3 

PKS 0043-42 

c 

10319 

18.38 

18.38 

8.6 

1.2 X 0.88 

4 

PKS 0213-13 

c 

10320 

19.89 

19.89 

4.9 

5.9 X 3.4 

3 

PKS 0349-27 

c 

11497 

19.89 

19.89 

1.5 

11 X 8.9 

2 

PKS 0404-1-03 

c 

9299 

8.07 

8.07 

8.4 

2.2 X 2.2 

5 

PKS 0442-28 

c 

11498 

19.79 

19.79 

4.9 

9.3 X 2.1 

3 

PKS 0620-52 

c 

11499 

19.80 

19.80 

4.7 

2.6 X 1.5 

3 

PKS 0625-35 

c 

11500 

19.79 

19.79 

4.9 

4.7 X 3.2 

2 

PKS 0625-53 

c 

4943 

18.45 

16.67 

4.8 

2 X 1.6 

4 

PKS 0806-10 

c 

11501 

19.79 

19.79 

4.9 

6.8 X 1.6 

2 

PKS 0915-11 

c 

4970 

98.82 

98.42 

1.4 

2 X 1.5 

2 

PKS 0945-1-07 

c 

6842 

29.78 

29.78 

1.5 

4x4 

6 

PKS 1559-1-02 

c 

6841 

39.65 

39.62 

8.5 

2.2 X 2.2 

5 

PKS 1648-1-05 

c 

6257 

49.52 

49.52 

1.5 

1.4 X 1.4 

7 

PKS 1733-56 

c 

11502 

19.86 

19.66 

4.7 

2.2 X 1.3 

3 

PKS 1839-48 

c 

10321 

19.79 

19.79 

4.7 

2.6 X 1.7 

3 

PKS 1949-1-02 

c 

2968 

49.47 

45.66 

1.5 

4.5 X 4.1 

8 

PKS 1954-55 

c 

11505 

20.65 

20.45 

4.8 

2.4 X 1.3 

4 

PKS 2211-17 

c 

15091 

164.38 

163.17 

4.9 

7.6 X 3.1 

3 

PKS 2221-02 

c 

7869 

45.60 

45.60 

8.2 

2.4 X 2.4 

5 

PKS 2356-61 

c 

11507 

19.79 

19.79 

1.5 

7.2 X 6.9 

9 


References: (1) http://www.jb.man.ac.uk/atlas, (2) Made from the VLA archives, (3) Morganti et al. (1993), (4) Morganti et al. (1999), (5) Leahy et al. 
(1997), (6) Hardcastle et al. (2007a), (7) Gizani & Leahy (2003), (8) Dennett-Thorpe et al. (2002), (9) Made from the ATCA archives. 

“ C=Chandra, X=XMM-Newton. ^ pn camera times for XMM-Newton sources. 
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Figure 1. 151 MHz radio luminosity vs redshift for the zO.l sample and the ERA {z ~ 0.5) sample used in 113. The left plot shows the HERG(filled symbols) 
and LERG (empty symbols) excitation classes and the right plot shows FRI (empty symbols) and FRII (filled symbols) moiphologies. PKS 1648+05 has 
characteristics of both moiphologies. 


4.1 Spatial analysis 

We extracted a radial surface brightness profile from the events file 
of each source by taking the average counts in annuli around the 
source centroid. The point sources and radio emission identified 
during data preparation were removed and the annulus areas ad¬ 
justed to account for the excluded regions. We used an energy range 
of 0.4-7.0 keV, this being the well calibrated range for the Chandra 
data. When possible, we used a double subtraction method where 
the background in the blank sky/closed filter fi les was subtracted 
from the source file Isee lMarkevitch et al.l2003h prior to generating 
the profile. Then, when the maximum detection radius lay at least 
partially within the ACIS-S3 or ACIS-I chips, we used an annu¬ 
lus outside the maximum detection radius to obtain the background 
counts remaining after the initial background subtraction, and these 
were subtracted from the source counts to obtain the net counts in 
each annulus. 

For the XMM-Newton sources, since the pn camera is more 
sensitive than the MOS cameras, we created the pn profile first and 
then used the same annuli and background area for the MOS pro¬ 
files. The three profiles were then scaled by their relative exposure 
times and added together. 

Table[3]contains the maximum detection radius and net counts 
within that radius for each of the sources. If the emission extends 
beyond the chip, the maximum detection radius is quoted as the 
distance to the chip edge. 

We fitted the surface brigh tness profiles with /3 models 
dCavaliere & Fusco-Femian^ll976ll in a similar manner to that de¬ 
scribed in 113, usin g the Markov-Chain Monte Carlo (MCMC) 
method described bv icroston et al.l ( l2008ah to explore the parame¬ 
ter space of these models and find Bayesian estimates of the core 
radii (rc) and P values. However, since these sources are nearer 
than those in 113, their host galaxies usually extend beyond the 
instrument point spread function (PSF). In these cases, a second 
P model was added so that the inner and outer components were 
modelled individually. 

We initially checked whether the PSF alone gave a satisfactory 
fit to the data, which was not the case for any of the sources. We 
then added a single /3 model to fit the extended emission, convolved 


with the PSF. The unconvolved surface brightness at radius R is 
given by 

S{R)=So{l + { — f)-^^+°-^ ( 1 ) 

rc 

where is the core radius and S'o is the normalisation. 

If this gave a satisfactory fit, we checked whether the mod¬ 
elled emission extended beyond the host galaxy radius (taken from 
NEeQ). If it did not, which was the case for seven sources, we used 
the observations of the source to derive an upper limit on cluster- 
scale emission. For these sources, we compared the net count rate 
from a region outside the host galaxy with a more distant back¬ 
ground region. If the net counts were greater than three times the 
background error, we considered this to be a detection; otherwise 
we used three times the background error as the upper limit. The 
latter was the case for all seven cases. 

If the single /3 model did not give a satisfactory fit w e added 
the second p model as described in ICroston et alJ ( l2008ali . so that 
we could describe the galaxy and cluster contributions separately 
and exclude the galaxy luminosity. In this model, the line-of-sight 
sum of the gas densities in the two components is given by 




, - 3 / 3 / 2 ' 


( 2 ) 


where N is the relative normalisation of the two beta models and 
the subscript in refers to the inner (galaxy) model. 

The surface brightness profile is then 


S{R) QC / n^{l,R)dl (3) 

^ —oo 

where the radius r = \/P -\- R?, and I is the distance along the line 
of sight. 

Since we are assuming the clusters and groups to be at least 
approximately relaxed, we limited P for the outer (ICM) model to 
the range 0.3 to 1.2 and Vc to a minimum of 1 kpc. We allowed more 
freedom in the parameters for the inner model, which describes the 
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host galaxy, since the galaxy is ellipsoidal rather than spherical and 
could he at any orientation to the line of sight. 

The goodness-of-fit and ICM fi model parameters are shown 
in Table and Table |4] gives the inner beta model parameters for 
the sources where the galaxy emission was discernible. The distri¬ 
butions of P and Tc for the ICM model are shown in Figure Ex¬ 
cept for a few high values, the values of /3 are mostly lower than the 
valu es of typical clus ters, as is expected for less rich environments 
(e.g. lMulchaevlIrOPoh . The overall median /3 for the zO.l sample is 
0.47, close to the value of 0.5 expected for groups. The ERA sam¬ 
ple also has a median of 0.47, showing consistency between the two 
samples. 

There are eight sources with high values of P compared with 
the rest of the sample and six sources with a very low core radius. 
3C 442A and PKS 0915—11 (Hyd A) contain interacting galaxies 
resulting in shocks propagating through the ICM. The disturbance 
is clearly visible in the surface brightness profiles. Both profiles 
contain sufficient counts to show that the outer ICM is well mod¬ 
elled. The other sources have very little emission detected beyond 
the host galaxy and so their models are poorly constrained. The 
profiles of the environments with high /Is have emission visible be¬ 
yond the host, but because there are few bins the profiles look flat 
and wide, and this is reflected in the model parameters. The outer 
emission of those sources with low core radii have the opposite 
problem, with the outer profile merging smoothly with that of the 
host galaxy so they are hard to differentiate. 

For some of the inner P models, it was difficult to differen¬ 
tiate between the point source and the galaxy, and consequently 
some of the galaxy /3s are very high. However, as we only wished 
to model the shapes in order to exclude them from the luminos¬ 
ity calculation, we did not expect this to be of concern provided 
the profile shape was well modelled. We tested this assumption 
using the sources with the two highest galaxy /3s — 3C 98 and 
PKS 1559-1-02. We fixed the galaxy /3s at the median value of 0.95, 
refitted the surface brightness profiles and recalculated the lumi¬ 
nosities. They were both consistent with the luminosities calculated 
using the high values of /3. 

Because the Chandra blank sky files may not model the back¬ 
ground accurately, we looked for systematic differences between 
the profiles made using double and single background subtraction. 
All the single subtraction sources have a large number of counts 
and well-defined profiles, and the /3 model parameters cover a sim¬ 
ilar range to those of the double subtraction sources. All except 
PKS 1648-1-05 (Her A) are towards the low end of the redshift range, 
so would be expected to cover the chip if the environment was rel¬ 
atively rich and/or the observation long. 

Luminosity within the i/soo overdensity radius was calculated 
by integrating the ICM /3 model profile using counts to flux con¬ 
version factors generated from the apec model. The p model pro- 
file was extrapolate d to i/soo using the R — T relationship from 
lArnaud et alj 120051) : 

R500=h{z)-^B500i^f (4) 

5 

where 

h (z) = Hni(l 'C T (5) 

We calculated a luminosity for each sample of the output of the 
MCMC code, which provided us with a posterior probability dis¬ 
tribution function over luminosity, marginalized over all other pa¬ 
rameters. We used the median rather than the mean of the pos¬ 
terior probability distribution function as our luminosity estimate 




Core radius (kpc) 


Figure 2. Distiibution of the /3 model parameters for the zO. 1 sample; /3 
(above) and core radius (below). The LERGs are grey and the HERGs black. 
Dashed lines show the LERG medians and solid lines the HERG medians. 

because the distributions were skewed for the fainter sources. Our 
quoted uncertainties on the luminosity are credible intervals defined 
on this one-dimensional posterior probability distribution function 
such that 68 per cent of the probability is contained in the smallest 
luminosity range. The luminosity uncertainties take into account 
the (in some cases large) uncertainties on /3 and r^. 

If the cluster emission extended beyond the chip, we could use 
only the Chandra blank sky datasets for the background subtrac¬ 
tion. The lower energy background varies f rom field to field and the 
background is known to change with time iMarkevitch et alj2003l) 
so the Chandra background for a given source may not be accurate. 
We checked how well on average the Chandra backgrounds mod¬ 
elled the true background by comparing their count rates with those 
of our source datasets using a chip lying beyond the maximum de¬ 
tected radius of the cluster emission. When the source was centred 
on the S3 chip, we compared background count rates on the 12 chip, 
and when it was centred on the 13 chip, we compared background 
rates on the S2 chip. We then increased the errors on the luminosity 
using the standard deviation of the differences (14.8 per cent and 
8.5 per cent respectively). 

Luminosity upper limits were calculated within the median 
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Table 3. Radial profile modeling - ICM (outer) (3 model 


Source 

Model“, 

Method*' 

^det 

kpc 

Counts*^’*^ 

X^/dof 


rc 

kpc 

3C 28 

dl3, dsub 

1432 

14810 

74/15 

0.67 (0.55-0.85) 

340.12(253.47^37.35) 

3C31 

dl3, dsub 

203 

10827 

104/62 

0.30 (0.30-1.50) 

39.34 (27.73-256.55) 

3C 33 

djd, dsub 

113 

2770 

3.2/8 

0.76 (0.30-1.20) 

16.76(1.46-112.81) 

3C 35 

s/5, dsub 

221 

218 

3.5/5 

1.17(0.30-1.20) 

134.53 (2.08-384.43) 

3C 66B 

dl3, dsub 

282 

13788 

13/14 

0.35 (0.31-0.37) 

46.91 (33.33-59.22) 

3C 76.1 

8/3, dsub 

95 

117 

0.6/2 

0.46(0.30-1.20) 

9.84 (0.82-64.56) 

3C 98 

dp, dsub 

121 

1380 

1.4/8 

0.42 (0.30-1.20) 

1.79(1.00-58.13) 

3C 192 

sp, dsub 

170 

191 

1.1/3 

0.41 (0.30-0.91) 

1.02(1.00-10.63) 

3C219 

sp, dsub 

726 

2251 

42266 

0.40(0.31-0.59) 

28.13 (4.71-90.95) 

3C 236 

dp, dsub 

359 

1057 

4.2/7 

0.39 (0.30-1.20) 

26.23 (5.84-358.57) 

3C 285 

dp, dsub 

368 

1521 

4.1/9 

0.36 (0.32-0.70) 

14.63 (5.98-82.47) 

3C 293 

dp, dsub 

104 

2421 

1.4/7 

0.69(0.47-1.20) 

5.67 (2.29-13.20) 

3C 296 

dp, ssub 

>147 

6862 

6.4/19 

0.70 (0.30-1.20) 

188.61 (58.28-338.58) 

3C 303 

sp, dsub 

366 

2510 

3.7/9 

0.51 (0.44-0.70) 

1.23 (1.00-10.28) 

3C 305 

u/1 


<797 


0.47 

40.39 

3C310 

dp, ssub 

>465 

9456 

126/20 

0.50 (0.46-0.54) 

41.34 (32.67-53.09) 

3C 321 

dp, dsub 

87 

843 

6.8/8 

1.19(0.31-1.20) 

30.56 (5.64-55.80) 

3C 326 

dp, dsub 

328 

321 

0.2/5 

1.11 (0.30-1.20) 

738.42 (10.65-1670.72) 

3C 338 

dp, ssub 

>364 

363864 

1595/39 

0.63 (0.61-0.65) 

91.37 (85.01-94.86) 

3C 346 

dp, dsub 

411 

5079 

18/4 

0.41 (0.33-0.64) 

43.51 (19.53-102.90) 

3C386 

sp, dsub 

93 

384 

2.9/3 

0.37 (0.30-0.52) 

1.01 (1.00-4.17) 

3C388 

dp, ssub 

>667 

8149 

45/18 

0.52 (0.49-0.56) 

40.39 (31.04-52.38) 

3C 390.3 

dp, ssub 

>294 

12647 

65/12 

0.40 (0.37-0.42) 

13.81 (7.33-21.18) 

3C 433 

dp, dsub 

323 

3058 

42289 

1.09(0.30-1.20) 

310.27 (3.75-593.38) 

3C 442A 

dp, ssub 

>311 

6344 

44/14 

1.11 (0.58-1.20) 

212.86(101.64-251.01) 

3C449 

dp, ssub 

>119 

10260 

17/14 

0.36 (0.33-0.40) 

18.76(13.11-28.43) 

3C 452 

dp, dsub 

300 

3202 

7.4/12 

0.74 (0.42-1.20) 

64.33 (21.33-125.26) 

3C 465 

dp, ssub 

>240 

37631 

18/18 

0.53 (0.45-0.74) 

155.90 (122.39-216.79) 

4C 73.08 

sp, dsub 

167 

624 

8.9/4 

0.42 (0.31-1.20) 

1.01 (1.00-68.33) 

DA 240 

u/1 


<433 


0.47 

40.89 

NGC 6109 

dp, dsub 

131 

710 

4.5/8 

1.20(0.30-1.20) 

167.46 (24.80-579.03) 

NGC6251 

dp, ssub 

>220 

2084 

20/18 

0.33 (0.30-0.55) 

54.90 (27.11-152.64) 

NGC 7385 

u/1 


<1122 


0.47 

40.89 

PKS 0034-01 

u/1 


<254 


0.47 

40.90 

PKS 0038-1-09 

dp, dsub 

231 

1238 

43/9 

0.78 (0.30-1.20) 

71.48 (3.96-975.12) 

PKS 0043-42 

sp, dsub 

413 

576 

7.8/5 

0.34 (0.30-0.44) 

1.03 (1.00-20.71) 

PKS 0213-13 

sp, dsub 

126 

1244 

2.9/5 

0.63 (0.30-1.20) 

18.75 (4.09-81.14) 

PKS 0349-27 

dp, dsub 

310 

839 

1.0/8 

0.30 (0.30-1.50) 

97.58 (39.93-1256.53) 

PKS 0404-1-03 

u/1 


<122 


0.47 

40.89 

PKS 0442-28 

u/1 


<126 


0.47 

40.87 

PKS 0620-52 

dp, ssub 

>368 

8843 

2.5/10 

0.42 (0.37-0.48) 

61.59 (41.52-89.35) 

PKS 0625-35 

dp, ssub 

>365 

5280 

19/10 

0.36(0.31-0.67) 

40.38 (16.00-168.57) 

PKS 0625-53 

dp, ssub 

>412 

28390 

11/11 

0.48 (0.43-0.53) 

105.59 (85.04-132.56) 

PKS 0806-10 

u/1 


<161 


0.47 

40.99 

PKS 0915-11 

dp, ssub 

>315 

661760 

1339/16 

1.20 (0.68-1.20) 

302.13 (142.07^17.93) 

PKS 0945-1-07 

dp, dsub 

318 

4404 

10/13 

0.40(0.31-0.95) 

7.04 (2.04-50.06) 

PKS 1559-1-02 

dp, dsub 

564 

1255 

8.7/11 

0.30 (0.30-1.20) 

6.85 (1.00-1807.76) 

PKS 1648-1-05 

dp, ssub 

>859 

25027 

538/16 

0.63 (0.60-0.65) 

93.97 (85.55-101.46) 

PKS 1733-56 

dp, dsub 

492 

4055 

51/9 

1.16(0.30-1.20) 

1165.77 (18.33-1813.91) 

PKS 1839-48 

dp, dsub 

547 

6934 

21/14 

0.66 (0.58-0.75) 

191.20(156.78-239.38) 

PKS 1949-1-02 

dp, dsub 

252 

2435 

7.5/8 

0.38 (0.30-1.20) 

7.36(1.81-111.99) 

PKS 1954-55 

dp, ssub 

>415 

7689 

25/17 

0.36 (0.33-0.41) 

30.12 (13.96-51.95) 

PKS 2211-17 

dp, dsub 

784 

31037 

362/16 

0.72 (0.69-0.74) 

81.51 (76.04-87.60) 

PKS 2221-02 

dp, dsub 

240 

8775 

22/16 

0.35 (0.30-1.00) 

16.56 (7.20-105.59) 

PKS 2356-61 

dp, dsub 

526 

1791 

1.8/14 

0.42 (0.30-1.20) 

56.34(12.69-279.51) 


^ Single or double (3 model, or upper limit. ^ Single or double background subtraction. Upper limits are counts within the median R 500 • ^ Counts for 
XMM-Newton sources are for the pn camera only. ® Values for {3 and core radius rc are best fit parameters. Ranges are the Bayesian credible intervals. ^ 

Italics indicate median values used for sources with low counts. 
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Table 4. Radial profile modeling - host galaxy (inner) ft model 


Source 

X^/dof 

l^a,b 


I'c 

kpc 

3C 28 

74/13 

0.74 

(0.62-0.90) 

36.80 (27.05^7.40) 

3C31 

104/62 

0.79 

(0.51-1.02) 

1.32 (0.32-1.85) 

3C 33 

4.4/6 

1.20 

(0.85-2.00) 

0.99 (0.55-2.01) 

3C 66B 

42351 

2.86 

(1.09-3.00) 

10.19(4.35-12.24) 

3C 98 

1.4/6 

2.92 

(0.77-3.00) 

0.86(0.20-1.28) 

3C 236 

4.2/5 

1.20 

(0.91-2.99) 

2.45 (1.60-6.36) 

3C 285 

4.3/7 

1.12 

(1.00-3.00) 

0.79 (0.49^.11) 

3C 293 

1.6/5 

0.98 

(0.49-1.20) 

0.66 (0.14-1.23) 

3C 296 

7.1/17 

0.64 

(0.59-0.71) 

0.66 (0.48-0.88) 

3C310 

128/22 

0.83 

(0.56-2.00) 

2.90(1.67-8.93) 

3C 321 

7.2/6 

2.64 

(1.07-3.50) 

6.12 (2.79-8.33) 

3C 326 

0.2/3 

0.95 

(0.70-1.50) 

10.80 (4.21-35.56) 

3C 338 

1625/37 

0.58 

(0.56-0.61) 

11.94(11.07-12.86) 

3C 346 

18/5 

1.20 

(1.20-1.20) 

2.54(1.00^.44) 

3C388 

48/16 

1.26 

(0.79-2.50) 

7.47(4.26-17.71) 

3C 390.3 

65/10 

1.07 

(0.96-1.25) 

5.35 (4.51-6.43) 

3C 433 

12.3/8 

1.14 

(0.50-1.20) 

10.85 (1.49-16.84) 

3C 442A 

44.5/12 

0.53 

(0.41-0.90) 

6.15 (3.01-16.30) 

3C449 

17.3/12 

0.95 

(0.72-2.14) 

0.96 (0.55-2.21) 

3C 452 

7.5/10 

1.52 

(0.96-3.00) 

1.29 (0.61-2.55) 

3C 465 

20/16 

0.66 

(0.61-0.73) 

0.80 (0.60-1.12) 

NGC 6109 

4.5/6 

0.70 

(0.47-1.00) 

1.21 (0.23-3.26) 

NGC6251 

18/11 

0.71 

(0.57-0.88) 

0.63 (0.28-1.08) 

PKS 0038-t09 

43/7 

2.50 

(0.96-2.50) 

19.46 (8.19-25.83) 

PKS 0349-27 

1 .1/6 

2.13 

(0.45-2.50) 

11.05 (1.59-23.59) 

PKS 0620-52 

2.7/8 

0.77 

(0.61-1.12) 

0.73 (0.22-0.97) 

PKS 0625-35 

21/8 

0.80 

(0.66-0.99) 

2.97 (1.93^.32) 

PKS 0625-53 

3.4/6 

0.65 

(0.39-0.80) 

0.53 (0.11-1.29) 

PKS 0915-11 

237/15 

0.89 

(0.56-1.44) 

30.25 (21.30^0.56) 

PKS 0945-t07 

11/11 

0.86 

(0.71-1.40) 

0.60 (0.37-1.52) 

PKS 1559-t02 

9.0/9 

2.99 

(1.14-3.00) 

3.25 (1.28-3.75) 

PKS 1648-t05 

538/14 

2.32 

(1.65-3.00) 

19.96(15.00-26.27) 

PKS 1733-56 

51/7 

0.56 

(0.30-1.27) 

2.47 (0.18-10.68) 

PKS 1839-48 

21/12 

0.79 

(0.50-1.49) 

3.03 (0.81-7.17) 

PKS 1949-t02 

63/9 

0.88 

(0.61-1.94) 

0.65 (0.36-1.32) 

PKS 1954-55 

14/14 

0.61 

(0.47-1.14) 

2.55 (1.78-8.68) 

PKS 2211-17 

363/14 

2.49 

(1.58-2.50) 

15.23 (10.20-17.05) 

PKS 2221-02 

28/14 

1.15 

(0.99-1.34) 

1.48(1.16-1.84) 

PKS 2356-61 

1.9/12 

1.16 

(0.64-2.00) 

3.92(1.14-9.38) 


“ Values for f and core radius rc are best fit parameters. Ranges are the Bayesian credible intervals. ** Italics indicate median values used for sources with 

low counts. 


i ?500 (533 kpc), using the median ft and Tc for the profile shapes 
and the count rate upper limits for the normalisations. 

Table contains the bolometric X-ray luminosities for each 
source: within the maximum detection radius; within 7?5oo; and 
scaled by h~^{z) to correct for the critical density evolution. Fig- 
ure[^shows the luminosity distribution; it can be seen that the most 
luminous environments are occupied by LERGs. 

The sources with emission extending beyond the chip have 
luminosities from 0.4 x 10“^® to 61 x 10^® erg s“^, so cover most 
of the luminosity range. Since their emission is so extensive, it is 
to be expected that they tend to be high luminosity. Five of the ten 
clusters with luminosity greater than 10“*^ erg s“^ are among this 
group, and they include four of the five most luminous clusters. 

We also wished to gain some idea of the central conditions 
of the radio galaxy environments so we calculated the environment 
density at a radius of O.li^soo; for all but two of sources this was 
not much larger than the host galaxy radius and so was the closest 


radius to the source that we could measure the den sity. We used the 
method described in lBirkinshaw & Worrelll ( Il993h : 


J neTipdV 


( 6 ) 


where £/ is the distance-normalised volume emission measure of 
the atmosphere per unit solid angle, rie and Up are the electron and 
proton densities, dV is a cylindrical volume element subtending a 
solid angle dfl to the observer and Dl is the luminosity distance to 
the source. We assumed an electron-proton ratio of 1.18. 

We obtained the emission measure normalisation from the 
normalisation of the apec model used in the spectral analysis (see 
below). We then calculated the electron density at 0.1i?5oo for each 
sample in the MCMC code output, using the same method that we 
used for the luminosity calculations (see above). The uncertainties 
were also derived in the same manner. The densities are included 
in Tabled 
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Table 5. ICM X-ray luminosity and electron density 


Source 

Lx(bol) 

-R50o“ 

Lx{bol) 

h(z)~^Lx {bol) 

rie 


X10^® erg 

kpc 

X lO^O erg s“l 

xlO^® erg s“l 



within 


within R 500 

within R 500 

at O.lTJsoo 

3C 28 

111.300l2;?i8 

1175 

107.4001?;??? 

97.558 

36671?? 

3C31 

u.ozo_Q Q33 

549 

9 m o”I"0.326 

1.998 

686+®° 

3C 33 

0.4891^21 

458 

0 491+0 020 
u.^y±_Q 027 

0.478 

1791?? 

3C 35 

0.248+°;?*® 

420 

U.9UZ_oj^74 

0.293 

779+105 

‘ ‘^-94 

3C 66B 

1 444+0030 

-^•^^^-0.030 

601 

0 i7o~I" 0.095 
'5-1 ^o_o 119 

3.143 

9361?? 

3C 76.1 

0 042 

U.U4Z_q Q25 

341 

0 . 080 I?;??? 

0.079 

r 70 + 163 
0^9_i3i 

3C 98 

0 Q 53+0 013 

U.UOO_Q QJQ 

330 

0 . 0661 ?;??? 

0.065 

407+2^^ 

-197 

3C 192 

o-ioelHS 

376 

f) 1 kk+ 0.057 
U.lOO_0 067 

0.151 

650l??^ 

3C219 

6 . 866 +?;®?? 

501 

5-1931?;??? 

4.770 

27081??? 

3C 236 

0 679+0 083 
u.o/y _0 111 

475 

0.6931?;??? 

0.661 

4841??? 

3C 285 

u.04:z_o 096 

409 

0.5591?;??? 

0.539 

881 I?? 

3C 293 

n n 4 R+o oo3 
U.U48_Q QQ^ 

373 

u.U4±y_o 005 

0.048 

2901??2 

3C 296 

u.Z4:y_o 034 

569 

U.OD/_o 163 

0.560 

490l?? 

3C 303 

0 749+0+13 

u. /^y_o 113 

397 

f) 'Tcy-l-O.llS 

0.707 

15471??? 

3C 305 


533 

<0.078 

<0.077 

<201 

3C310 

2 997+0+4® 

' _0 448 

623 

3 34Q+0+01 

o.o^u_o 501 

3.258 

1940l?? 

3C 321 

0.208+?;??? 

388 

^•^-LJ-_o.oi3 

0.202 

6041??® 

3C 326 

2 . 0001 ?;??? 

617 

4i.OOU_4 ggg 

4.458 

2161 ?? 

3C 338 

40.1401?;??? 

1041 

49.4401?;??? 

48.746 

35381? 

3C 346 

7 474+0.608 
<•^<^-0.915 

731 

IO. 8 IOI?;??? 

9.991 

2090l?? 

3C386 

0 033^^4107 

U.UOO_Q QQg 

450 

Tjt ^ 

CO 

0 q 
6 6 
+ 1 

0 

d 

0.103 

3451?? 

3C388 

13.0501?;??? 

866 

14.0401?;??? 

13.450 

25381?? 

3C 390.3 

3 161+0+09 
o.iUi_o.469 

662 

4-2621?;??? 

4.152 

12231?? 

3C 433 

n 9 QK +0 097 

u.zoo_o 063 

409 

u.^^u_o 069 

0.229 

485l??8 

3C 442A 

1 129+0+01 
i.iZb»_o 101 

564 

1 qqo”I"0.119 

1.253_o_i2i 

1.268 

6581?? 

3C449 

0 414+0 062 
^•^-^^-0.062 

583 

1 7 K 9 -I-O .283 

i./oz_o 280 

1.738 

911+1^ 

yj^-L-15 

3C 452 

n 7f:jo+0.045 

U. <05_q Q 54 

496 

n 7OQ+0.052 

U. <oo_o 070 

0.759 

12501 ?? 

3C 465 

9.'400_q 514 

1016 

8.9031?;??? 

8.780 

5541? 

4C 73.08 

U.UC) 0 _Q Q25 

512 

0.0491?;??? 

0.048 

2581??" 

DA 240 


533 

<0.083 

<0.081 

<290 

NGC 6109 

0 136+0 036 

U.iOO_Q Q52 

412 

0 239+0+05 
u.zoy_o 154 

0.236 

5771?? 

NGC6251 

n 1 qo”I" 0.027 
u.ioo_0 027 

523 

0 444+0 074 

0.439 

3481?? 

NGC 7385 


533 

<0.064 

<0.063 

<256 

PKS 0034-01 


533 

<0.063 

<0.061 

<264 

PKS 0038+09 

2-4181?;??? 

566 

9 f^c:;9+0.596 
z.ooz_o 776 

2.418 

17541??? 

PKS 0043-42 

1.0181?;??? 

543 

1 *^1 7”I"0.282 
i.Oi / _o.397 

1.246 

8631?? 

PKS 0213-13 

0.1841?;??? 

375 

0.2051?;??? 

0.190 

1103 + 31 ® 

±iyo_237 

PKS 0349-27 

0.2801?;??? 

392 

n 009+0.176 
u.oo^_0 246 

0.322 

270+3® 

PKS 0404+03 


533 

<0.268 

<0.257 

<549 

PKS 0442-28 


533 

<0.273 

<0.254 

<304 

PKS 0620-52 

3 941+0+90 

768 

6 742+^•0^’^ 
'^++^-1.036 

6.585 

126ll?? 

PKS 0625-35 

9.iOU_Q 477 

872 

6 334+1067 

6.176 

000+24 

000 27 

PKS 0625-53 

22.2601?;??? 

1287 

4iz.oiu_3 045 

41.560 

16091?? 

PKS 0806-10 


533 

<0.206 

<0.195 

<482 

PKS 0915-11 

54.5601?;??? 

851 

61 . 800 I???? 

60.248 

5140l?i 

PKS 0945+07 

1 . 6081 ?;??? 

562 

1 . 790 I?;??? 

1.719 

9031?? 

PKS 1559+02 

1-0411?:??? 

329 

0 . 790 I?;??? 

0.752 

8031??? 

PKS 1648+05 

57.8301?;??? 

995 

58.6201?;??? 

54.375 

4976+^" 

PKS 1733-56 

0-8261?;??? 

506 

0.8421?;??? 

0.803 

68 OI?? 

PKS 1839-48 

18.7301?;??? 

1156 

23.6401?;??? 

22.424 

I 570 I?? 

PKS 1949+02 

0 217+0-041 
' -0.061 

411 

u.^oy_o 100 

0.252 

6 IOI?? 

PKS 1954-55 

4.4961?;??? 

785 

7 't^'7+0.323 

'•<t><_0.310 

7.560 

12621?? 

PKS 2211-17 

28.3601?;??? 

916 

28.6401?;??? 

26.593 

43971?? 

PKS 2221-02 

1 169+0 056 

±.iuy_Q Qgg 

450 

1-4281?;??? 

1.391 

7821?? 

PKS 2356-61 

1 4c; 9+0.308 
1.4ioz_o 424 

465 

1 OOO+0.252 
i.ooo_o 373 

1.321 

10491??? 


Italics indicate median value used for sources with low counts. 
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ICM X-ray luminosity (erg s'^) 

Figure 3. ICM X-ray luminosity distribution for the zO. 1 sample, separated 
into excitation classes (upper limits excluded). Symbols as in Figure|2] 


4.2 Spectral analysis 

When there were sufficient counts, we obtained the ICM temper¬ 
ature from spectral analysis. We used the XSPEC package, using 
the apec model for the thermal bremsstrahlung from the ICM and 
the wabs photo-electric absorption model to take account of Galac¬ 
tic absorption. We reduced the energy range to 0.5 to 5.0 keV to 
exclude the PSF-scattered high energy emission from the nucleus 
and, where possible, we used a double subtraction method similar 
to that used for the XMM-Newton temperatures in 113, using the 
following steps: 

(i) Generate the spectrum for a background region beyond the max¬ 
imum detected radius with specextmct, using the Chandra blank 
sky files or XMM-Newton closed filter files for the spectrum back¬ 
ground file. Then scale the blank sky background spectrum to 
match the source file count rate (see Section lrTt : 

(ii) Fit models to this background region using a power law with index 
1.41 to model the e xtragalactic component of the X-ray background 
dLumb et alj|2002|) . with Galactic absorption (wabs(power)). We 
added local thermal models {apec) for the Milky Way emission and 
local hot bubble as appropriate; 

(iii) Generate the spectrum for the ICM using an annulus from where 
the ICM dominates over the PSF and host galaxy emission out to 
the maximum detection radius. Again, the Chandra blank sky files 
or XMM-Newton closed filter files are used for the spectrum back¬ 
ground and the blank sky spectrum is scaled to match the source 
file count rate; 

(iv) Scale the normalisations of the background model elements to 
match the source region area; 

(v) Model the source bremsstrahlung using wabs(apec), with the ele¬ 
ments of the background model as fixed parameters. When possi¬ 
ble, we left the metallicity as a free parame ter. If it did not conv erge 
to a reasonable value (0.15 to 0.6 solar - iBalestra et akll^OOTh . or 
had errors larger than this range, we used 0.3 solar. 

In some sources, the Chandra blank sky files matched the 
background from the source observation sufficiently well that there 
were very few counts left after the background subtraction. In these 
cases, we used the same method as 113, using single subtraction 



qU-H I I H I iH -U-1. I . I I I. ..I-U-L- 

0 1 2 3 4 5 6 7 



qU — M I M I I I I IM —Ij-1. I I [ .1 - J — t - 
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Temperature (spectmm values only, keV) 

Figure 4. ICM temperature distribution for the zO. 1 sample, separated into 
excitation classes (upper limits excluded). The upper histogram includes all 
sources; the lower histogram shows only those with temperatures obtained 
by spectral analysis. Symbols as in Figure|2] 

with a region from outside the maximum detected radius as the 
background for the spectrum. 

If the source emission was so extensive that there was no re¬ 
gion of the source observation that could be used for background, 
we could not use double subtraction. In this case, single subtrac¬ 
tion using the blank sky files as background was the only method 
available. In addition to the ICM emission, the cosmic ray back¬ 
ground and local thermal emission were modelled as in the double 
subtraction method, but were left as free parameters. 

When there were sufficient counts, we generated a tempera¬ 
ture profile and selected an annulus for the ICM temperature across 
a wide range of stable results, excluding the cool core if present. 
Otherwise we obtained temperatures for a range of annuli, looking 
for the lowest ■ 

For 3C 31 and 3C 66B, we also excluded the 1.4 to 1.6 keV en¬ 
ergy band from the spectrum to remove th e. XMM-Newton 1.5 k eV 
instrumental aluminium fluorescence line jFrevberg et al.l2003) . 

The spectra for 18 sources had insufficient counts for mod¬ 
elling the spectrum. For these sources we extracted a spectrum to 
the maximum detected radius and estimated the temperature in the 
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same way as in 113, using the counts from the model to estimate 
lu minosity from the apec model, and then using the scaling relation 
of IPratt et alJ ( I 2 OO 9 I 1 to estimate the temperature. This was used to 
estimate /? 5 oo, and the process was iterated until we obtained a sta¬ 
ble temperature. We used the same process for the seven sources 
without a model fit, using the 3 (j upper limit on the counts to 
estimate the starting luminosity. 

The distribution of temperatures is shown in Figure|4l and Ta¬ 
ble 1^ contains the inner and outer radii of the annuli, the temper¬ 
atures of the sources and the for the temperatures obtained by 
spectral analysis. The temperatures range from 0.65 to 6.8 keV - a 
similar range to the ERA sample - and are for the most part typ¬ 
ical of groups and poor clusters. The temperatures for the sources 
where the emission extended beyond the chip included the highest 
temperature (6.8 keV), but otherwise ranged from 1.38 keV to 4.43 
keV, not concentrated in or dominating any temperature range. Al¬ 
though both the distributions of both types of radio galaxy peak at 
low temperatures, the LERGs have a wider range of temperatures 
with the top of the range being occupied exclusively by LERGs. 


5 RESULTS AND DISCUSSION 


5.1 Radio galaxy environments 

5.1.1 zO.l sample results 


We first compared radio and ICM luminosities for the zO. 1 sam¬ 
ple, to see if the results differed from those found for the ERA 
sample. As can be seen from Figure]^ (left), the HERG subsample 
appears to cluster in the lower, central region of the plot, while 
the LERG sub-sample forms a diagonal across the plot. Since 
there is a strong correlation between radio luminosity and red- 
shift from the Malmquist bias and the lack of high luminosity local 
sources (see Eigure[T]l, w e used partial correlation Kendall’s r tests 
jAkritas & Sieberlll996ll to look for correlations between the radio 
and ICM luminosities in the presence of a dependency on redshift, 
and found a weak correlation for the full sample, a strong corre¬ 
lation for the LERG sub-sample (> 3cr) and no correlation for 
the HERGs (Table [7}. These results agree with those found with 
the E RA sample at z ^ 0.5, and, as discussed in Section [J by 

e 2004h : lHardcastlel (l2004l) ; [Belsole et'd] l l2007t) : lGendre et al.l 

i. 


Because the sources are relatively close, the maximum de¬ 
tected radius is on average only half of R 500 . Consequently, the 
beta models needed to be extrapolated to calculate the luminosi¬ 
ties for all but ten of the sources. We therefore also calculated the 
luminosity for each source within O.SiZsoo (which was within the 
maximum detected radius for 80 per cent of the sources) to check 
that the statistical results were similar. This gave similar results for 
the partial correlation tests between the sub-samples (> 3cr for the 
LERGS, no correlation for the HERGs), implying that the extrapo¬ 
lation to i? 5 oo does not have a significant effect. 

We also checked the LERG results for a sub-sample with 2 > 
0.03, removing the bulk of the redshift dependence, which gave 
a weaker correlation (> 2a). This was to be expected, since the 
scatter is proportionally greater over the reduced luminosity range. 

Eor the FRI and FRII sub-samples in Figure |5] (right), there 
appears to be a correlation between radio and ICM luminosity for 
both sub-samples, and this is confirmed by the partial correlation 
tests (Table |7} (> 2.5a for both sub-samples). Since the FRI and 
FRII sub-samples contain both HERGs and LERGs, one would ex- 


Table 8. Tests for differences in sample median ICM luminosities, using the 
Peto-Prentice two-sample test 


Sample 

Sub-sample 

Nl 

N2 

statistic 

P 

Full 

All 

55 

26 

1.8760 

0.0607 


HERG 

25 

15 

3.6860 

0.0002 


LERG 

30 

11 

0.1640 

0.8696 

Matched 

HERG 

22 

7 

2.2800 

0.0226 


LERG 

20 

7 

1.5340 

0.1249 


NI and N2 are the sizes of the samples being compared; p is probability 
under the null hypothesis. 


pect their correlation strengths to lie between those of the HERGs 
and LERGs, and this is the case. 


5.1.2 Combined zO.l and ERA samples 

Figure 1^ shows the radio vs ICM luminosities for the combined 
ERA and 2 ~ 0.1 samples for the LERGs (left) and HERGs (right). 
Both of the LERG samples occupy the same diagonal across the 
plot, with a similar amount of scatter, and the partial correlation 
test gives a strong correlation (> 4 (t). The HERGs show a much 
weaker correlation (> 2cr) - looking at Eigure|^the correlation 
appears to come from the absence of low ICM luminosities for the 
ERA sources. See Section l5.1.3l below for a discussion of the lack 
of sources in this region. 

The zO.l and ERA samples cover different ranges of radio 
luminosity. We therefore checked our result using sub-samples 
matched in luminosity ranges: 5x 10^"^ —5 x 10^® W Hz“^ sr”’^ for 
the LERGs and 3 x 10^® - 3 x 10^® W Hz”^ sr"i for the HERGs 
(Table |7j. In these sub-samples, the strong LERG Lx — Lr cor¬ 
relation is still present, but since the high radio luminosity HERGs 
are no longer in the sample, the partial correlation Kendall’s r test 
now showed no correlation for the HERGs. The reduced ERA sam¬ 
ples are small and contain upper limits on the ICM luminosities so 
may affect the accuracy of the statistics; nevertheless, the differ¬ 
ence between the HERG and LERG results in both the complete 
and matched samples is striking. 


5. 1.3 Redshift evolution 

Looking at Eigure|7] there seems to be little difference between the 
LERG samples from the two epochs, suggesting that there has been 
no evolution of the environment since 2; ~ 0.5. The ERA HERG 
sample, however, occupies a narrower range of ICM luminosities 
than the zO.l HERG sample, but with similar maximum values. 
This may indicate that the re has been evolution o f th e HERG envi¬ 
ronme nts, as suggested bv iHarvanek et alj ( 1200 ill and lBelsole et al.l 
( l2007ll . 

We used Peto & Prentice generalised Wilcoxon tests 
jEeigelson & Nels^l 19851) to look for differences in the median 
values of luminosity of the ERA and zO. 1 LERG and HERG sub¬ 
samples (Table [§1 the medians are shown in Figure [7}. The tests 
showed no difference between the two LERG sub-samples, but a 
strong difference between the HERG sub-samples (> 3 (t). We re¬ 
peated the tests with the sub-samples matched in radio luminosity 
(Eigure[8}, and found the same but weaker trends. 

We therefore have no evidence of evolution of the LERG pop¬ 
ulation since 2 ~ 0.5, but for the HERGs, although the maximum 
environment richness of the HERG population in the matched sam¬ 
ples is the same at both redshifts, there are HERGs in poorer envi- 































Radio-loud AGN: accretion mode and environment 


13 


Table 6 . ICM temperatures 


Source 

Method 

Annulus radii 

Metallicity“ 

Temperature 

x^/dof*’ 



arcsec 

Z/Zq 

keV 


3C 28 

Spectrum 

24.60-246 

0.30 

'J-Oi_o.49 

106/143 

3C31 

Spectrum 

60.00-600 

0.30 

1 cro + O.OS 
-L-^>^_0.03 

2198/1430 

3C 33 

Estimate 

2.46-98 

0.30 

1 19+0.01 
-L--L^_0.02 


3C 35 

Estimate 

2.46-172 

0.30 

-0.20 


3C 66B 

Spectrum 

50.00-600 


1 '71 +0.05 
-^•'-^-0.04 

711/691 

3C 76.1 

Estimate 

2.46-147 

0.30 

0.801^2 


3C 98 

Estimate 

2.95-196 

0.30 

0-621^6 


3C 192 

Estimate 

1.48-147 

0.30 

0.80in2 


3C219 

Spectrum 

4.92-172 

0.15 

l-^O_0.l4 

36/28 

3C 236 

Estimate 

2.46-196 

0.30 

-L-^^_0.08 


3C 285 

Spectrum 

34.40-172 

0.30 

'-'•y^_0.22 

22/17 

3C 293 

Spectrum 

2.46-73 

0.30 

n 70 +O.O 6 
'°-0.06 

18/12 

3C 296 

Spectrum 

19.68-147 

0.15 

i.oy_o 12 

45/54 

3C 303 

Spectrum 

2.46-123 

0.30 

o'-y^_o.i3 

7.2/7 

3C 305 

Upper limit 

9.84-147 

0.30 

< 0.65 


3C310 

Spectrum 

9.84-246 

U-^D_0,06 


135/134 

3C 321 

Estimate 

2.46-49 

0.30 

0.871^2 


3C 326 

Estimate 

14.76-196 

0.30 

1.94i;;« 


3C 338 

Spectrum 

19.68-344 

^•‘±'*-0.04 

A 0 O+O.O 8 
^•^'^-0.08 

392/304 

3C 346 

Spectrum 

2.46-98 

0.30 

2 7Q+0-24 
^•^^- 0.21 

111/94 

3C386 

Spectrum 

2.46-270 

0.30 

i.uo_o 12 

12/15 

3C388 

Spectrum 

9.84-344 


0 r 9 + 0.18 

'^•^^-0.15 

141/167 

3C 390.3 

Estimate 

2.46-270 

0.30 



3C 433 

Spectrum 

9.84-147 

0.30 

0.96t°ofr 

6 .8/10 

3C 442A 

Spectrum 

14.76-319 

U-44_0.09 

1.58l°;“ 

75/85 

3C449 

Spectrum 

14.76-147 

n 33+0.09 

u.oo_o 08 

i.OO_Q Q-7 

63/77 

3C 452 

Spectrum 

9.84-147 

0.30 

1 09 +O .10 

1.0Z_Q Qg 

45/46 

3C 465 

Spectrum 

9.84-295 

0 3fi+0 09 

U-O0_o,o8 

4 43+^-26 
^•^'3_0.23 

255/259 

4C 73.08 

Spectrum 

14.76-147 

0.30 

1 o'7+0.26 

i-o'_ 0 .i 8 

8.3/8 

DA 240 

Upper limit 

14.76-147 

0.30 

< 0.66 


NGC 6109 

Estimate 

9.84-221 

0.30 

'^•^^-0.24 


NGC6251 

Spectrum 

34.44-246 

0.30 

1 oq+0.21 

i.oo_Q Q3 

30/25 

NGC 7385 

Upper limit 

4.92-147 

0.30 

< 0.61 


PKS 0034-01 

Upper limit 

9.84-147 

0.30 

< 0.61 


PKS 0038-1-09 

Estimate 

2.46-73 

0.30 

1 09 + 0.12 

l-o4_o 18 


PKS 0043-42 

Spectrum 

2.46-196 

0 41+0.69 


1 .2/6 

PKS 0213-13 

Estimate 

4.92-49 

0.30 

0.851^5 


PKS 0349-27 

Spectrum 

2.95-246 

0.30 

0 86 +°'^® 
U.OO_o 20 

15/13 

PKS 0404-1-03 

Upper limit 

19.68-147 

0.30 

< 0.93 


PKS 0442-28 

Upper limit 

9.84-147 

0.30 

< 0.93 


PKS 0620-52 

Spectrum 

19.68-246 


^•'”-0.60 

115/137 

PKS 0625-35 

Spectrum 

4.92-246 

0.30 

3 46+91® 
J-9:D_o,31 

64/83 

PKS 0625-53 

Spectrum 

24.60-295 

0.30 

6 84+®’®® 

O-o^_0.34 

171/188 

PKS 0806-10 

Upper limit 

19.68-147 

0.30 

< 0.86 


PKS 0915-11 

Spectrum 

2.46-246 

0 30+0 02 
U.lSU_g Q 2 

q qi +0.10 
'5-Oi_o 11 

399/301 

PKS 0945-1-07 

Estimate 

2.46-196 

0.30 

1 04+0.06 
^•^^-0.10 


PKS 1559-1-02 

Spectrum 

4.92-221 

0.30 

U-O0_o 18 

15/25 

PKS 1648-1-05 

Spectrum 

14.76-196 


^•^^-0.11 

200/239 

PKS 1733-56 

Spectrum 

9.84-196 

0.30 

1 qo + 0.42 

-L-'JC>_o.08 

22/20 

PKS 1839-48 

Spectrum 

4.92-147 

0.30 

o.yo_o 72 

89/102 

PKS 1949-1-02 

Estimate 

4.92-221 

0.30 

0 qq+0 07 

u.yo_Q 12 


PKS 1954-55 

Spectrum 

4.92-246 

0.30 

2 89+0-22 

Z.Oy_Q 22 

172/121 

PKS 2211-17 

Spectrum 

24.60-196 

0.30 

^•-*--*^-0.18 

165/134 

PKS 2221-02 

Spectrum 

4.92-221 

0.30 

1 09+0-60 
-L-0'y_o 40 

52/57 

PKS 2356-61 

Spectrum 

4.92-196 

0.30 

-^•-^^-0.20 

17/15 


Metallicities without errors were used as fixed parameters. ^ For temperatures from spectral analysis. 
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151 MHz radio luminosity (WHz^ sr'^) 


151 MHz radio luminosity (WHz^ sr'^) 


Figure 5. Radio luminosity vs ICM X-ray luminosity for the zO.l sample, separated into excitation classes (left), and FRI and FRII galaxies (right). 
LERGs/FRIs are shown by empty symbols and HERGs/FRIIs by filled symbols. Corresponding upper limits are shown by empty and filled arrows. 


Table 7. Partial correlation analysis results, using Generalized Kendall’s r correlation tests in the presence of a correlation with a third factor. 


Sample Sub-sample 

N 

r/cr 

P 

Radio luminosity vs ICM luminosity, with a redshift correlation 


zO.l All 

55 

2.62 

0.0088 

HERG 

25 

1.68 

0.0930 

LERG 

30 

3.39 

0.0006 

FRI 

22 

2.96 

0.0030 

FRll 

33 

2.91 

0.0036 

Radio luminosity vs ICM luminosity, with a redshift correlation 


0.03<z<0.2 All 

46 

2.37 

0.0178 

HERG 

25 

1.68 

0.0930 

LERG 

21 

2.72 

0.0066 

Radio luminosity vs ICM luminosity, with a redshift correlation 


zO.landERA All 

81 

4.09 

0.0001 

HERG 

40 

2.43 

0.0150 

LERG 

41 

5.08 

< 0.0001 


Radio luminosity vs ICM luminosity, with a redshift correlation 
Matched HERG 28 0.79 0.4296 

zO. 1 and ERA LERG 27 4.69 < 0.0001 

ICM luminosity vs temperature, with a redshift correlation 

zO.l Spectrum 34 15.28 < 0.0001 

zO.landERA Spectrum 44 18.35 < 0.0001 

ICM luminosity vs Bgq, with a redshift correlation 

All All 22 3.66 0.0002 

Radio luminosity vs central density, with a redshift correlation 
zO.l HERG 25 0.73 0.4654 

LERG 30 2.84 0.0046 

ICM luminosity vs central density, with a redshift correlation 

HERG 25 5.09 < 0.0001 

LERG 30 7.79 < 0.0001 

Radio luminosity vs ICM luminosity, with a central density correlation 

HERG 25 1.32 0.1868 

LERG 30 1.50 0.1336 

Radio luminosity vs central density, with an ICM luminosity correlation 

HERG 25 1.14 0.2542 

LERG 30 1.37 0.1706 


N is sample size; r is the partial correlation statistic; cr is the standard deviation; p is probability under the null hypothesis. 
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Figure 6. Radio luminosity vs ICM X-ray luminosity for the combined zO. 1 and ERA samples, with LERGs on the left (empty symbols) and HERGs on the 
right (filled symbols). zO.l sources are shown as circles and ERA sources as stars. zO.l upper limits use triangles and ERA upper limits use arrows. 


ronments at z ~ 0.1 than at z ~ 0.5. Is this effect genuine, or is it 
due to non-detection of weak environments at high redshift? 

We would need observations of almost 1000 ks to measure 
ICM luminosities of lO'^^ erg s“^ at the redshifts of the ERA 
sample, so we cannot know whether the lack of high redshift 
sources in this region of the plot is real or due to insufficient ob¬ 
servation time. We have a hint th at there might be at least occ a- 
sional objects in this region from iRamos Almeida et ai] ll2013h - 
they obtained an extremely low galaxy-quasar spatial covariance 
function (Bgq) for PKS1136—13, which has a radio luminosity of 
2.7 X 10^® W Hz“^ sr“^. If this source follows the expected cor¬ 
relation between Lx and Bgq, it would then lie well into the lower 
right portion of the Lx — Ln plot. The 80 ks X-ray observation of 
this source shows no sign of ICM emission, but this observation is 
not long enough to detect emission below 10"^® erg s“^. However, 
this is the only 2Jy source in the high redshift range with such a 
low Bgq — the others have Bgq values that should place them in 
environments around and above 10"^® erg s“^. We also have only 
three upper limits in the ERA sample HERGs, and two of these are 
from short observations, so if there are weak environment sources 
at these redshifts then they are rare and are unlikely to have a dra¬ 
matic affect on the sample medians. We therefore conclude that 
evolution of the HERG environment is probable but not certain. 


5.1.4 Cluster morphology 

The distributions of /3 and core radius are shown in Eigure[2 The 
HERG and LERG sub-samples have slightly different /3 medians - 
0.42 vs 0.52 - but a Wilcoxon-Mann-Whitney test shows no signif¬ 
icant difference. 

The median core radius for the full zO.l sample is also differ¬ 
ent for the two sub-samples - 17 kpc for the HERGs and 62 kpc 
for the LERGs. In this case, the distributions of the HERGs and 
LERGs are different, and this is confirmed by the Wilcoxon-Mann- 
Whitney test (z=2.41, p=0.008), suggesting that the HERGs may 
have a higher concentration of gas near the cluster centre. How¬ 
ever, when the core radius was scaled by Rsoo the difference is no 
longer very significant (z=1.79, p=0.037), so the difference in core 


radius may be due to the difference in mass distributions between 
HERGs and LERGs rather than cluster shape. 


5.1.5 Central density 

If, as discussed in the Section [T] LERGs follow a cycle fuelled by 
gas from the ICM and controlled by the central entropy of the sys¬ 
tem, we would expect the jet power to be related to the central con¬ 
ditions. We would also expect that, since ICM luminosity is related 
to cluster mass, rie should be related to the ICM luminosity. As dis¬ 
cussed in Section l4n we used the electron density rie at 0.1i?5oo 
as an indicator of the central conditions and compared it with radio 
luminosity. 

Eigure [9] shows the electron densities at 0.1i?5oo plotted 
against ICM luminosity and radio luminosity for the HERGs, and 
Figure [To] for the LERGs for the zO.l sample (we did not include 
the ERA sample as at their redshift the angular size of 0.1i?5oo was 
too close to the PSF to obtain reliable densities). As expected, the 
central density correlates strongly with ICM luminosity for both 
types of radio galaxy. In addition, there appears to be a relationship 
between La and rie for the LERGs, but not for the HERGs, and 
this is confirmed at the 99.5 per cent confidence level by the Gen¬ 
eralised Kendall’s Tau tests comparing Lx and La with rie in the 
presence of a common dependence on redshift (Table[7J. 

This result could simply be a reflection of the La — Lx re¬ 
lationships for the two galaxy types, but if jet power is related to 
central density for the LERGs, this would also contribute to the 
La — Lx relation. We therefore looked for a correlation between 
La and Lx in the presence of a common dependence on rie- If 
the jet power is in a large part controlled by central density, this 
should remove the correlation; if jet power and central density are 
unrelated then the correlation should be unchanged. As can be seen 
from Table |7| the partial correlation test of La — Lx in the pres¬ 
ence of rie shows no significant correlation. However, performing 
the inverse test of looking for a correlation between La and rie in 
the presence of a common dependence on Lx also removed the 
correlation, suggesting that all three factors were well correlated. 

In an attempt to find which of the three possible relationships 
(La — Lx, La — rte and Lx — rie) was dominant, we did a Princi- 
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Figure 7. ICM X-ray luminosity vs redshift for the combined zO. 1 and ERA samples, with LERGs on the left and HERGs on the right. Symbols as in Figure[^ 
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Figure 8. ICM X-ray luminosity vs redshift for sub-samples matched in radio luminosity of the zO. 1 and ERA samples, with LERGs on the left and HERGs 
on the right. Symbols as in Figure[^ 


pal Components Analysis (PCA, iFrancis & Wills! 1999h on the data 
with the upper limits excluded, having checked that this made little 
difference to the results of the Generalised Kendall’s Tau tests. As 
can be seen from Table[3 the three factors all contribute in similar 
proportions to the main principal component PCI, suggesting that 
we cannot determine the dominant relationship from this data. This 
was confirmed using Spearman’s p tests comparing the results of 
the full PCA with similar analyses on pairs of factors, which all 
gave similar and very strong correlations. 


5.2 Comparison with general cluster and group 
environments 

We assume in our analysis that the cluster environments of our 
radio-loud AGN do not differ markedly from those of clusters of 
similar luminosity without radio galaxies. We therefore compared 
our temperature-luminosity scaling relation with Lx —Tx relations 
for other samples. 


Table 9. Principal Component Analysis for radio luminosity, ICM luminos¬ 
ity and central density, using the 2 : 0.1 sample. 



PCI 

PC2 

PC3 

Eigenvalue 

1.924 

0.487 

0.205 

Proportion 

0.736 

0.186 

0.078 

Cumulative 

0.736 

0.922 

1.000 

Variable 

PCI 

PC2 

PC3 

Radio luminosity 

0.495 

0.646 

0.581 

ICM luminosity 

0.646 

0.296 

0.407 

Central density 

0.581 

-0.703 

0.705 


PCI, PC2 and PC3 are the principal components in order of contribution to 
the total variance. 

There is a very strong correlation between ICM temperature 
and luminosity (Table|7]l. Figure[TT]shows ICM temperature plotted 
against luminosity for all sources in the zO. 1 and ERA samples with 

























































Radio-loud AGN: accretion mode and environment 17 



g 10“ 

s 

3 

g 

cfl 

£ 10“ 
in 

10 "' 


zO.l HERG 
zO.lu/1 


Electron density at 0.1R500 (cm'^) 

Figure 9. Density at O.li^sOO vs ICM X-ray luminosity(left) and radio luminosity (right) for HERGs in the zO.l sample. Symbols as in Figure[^ 
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Figure 10. Density at O.IR 5 OO vs ICM X-ray luminosity(left) and radio luminosity (right) for LERGs in the zO.l sample. Symbols as in Figure| 6 ] 


temperatures obtain ed by spectral analysis. We used the orthogonal 
BCES method from lAkritas & Bershadvl h996h to calculate the re¬ 
gression line (solid line, logioLx ~ (3.56 ± 0.36)logioTx + 
(42.40 ±0.15)). 

The dashed line shows the lPratt et al.l ^20091) Lx — Tx scaling 
relation for the REXCESS clusters, which we used to obtain the 
estimated temperatures. Our slope is slightly higher (3.56±0.36 vs 
3.35 ±0.32), but compat ible. Also p l otted in FigurefTTIis the Lx — 
Tx relation obtained be IStott et ail ( 1201 2h for clusters containing 
radio sources from the XMM Cluster Survey. Their slope of 2.91 ± 
0.45 is lower than our result. 


Our sample contains both galaxy groups and clusters, both 
cool-core and non-cool-core environments and consists entirely of 
radio galaxies. These factors have all been found to modify the 


Lx 

- Tx relation (e.g. Helsdon & PonmanlllOOOl: ICroston et al. 

2005 

JChen et alj2007l: Maeliocchetti & Briiseenl 

20071; Pratt et al. 

2009 

; Ekmiller et al.l I 2 OI 1 I: IStottetalJ |2012|; 

Bharadwai et al. 

2015|). In addition, selection biases (in particular the Malmquist 


bias, which ensures that for a given temperature, the most lumi¬ 


nous objects are preferentially selected) can have a strong effect 
on the slope of the L x — Tx relation (e.g. lEkmiller et ani201 ll : 
[Bharadwai et al.|[2015l) . and the evolution parameter, which is usu¬ 
ally assumed to be unity, is likely to b e affected by th e break in 
self-similarity in the Lx — Tx relation iMaughanll2014h . 

Our relation is likely to be affected by all the factors men¬ 
tioned above, but lies near or within most of the ranges cited by the 
literature and so our sample shows no evidence of being different 
from other cluster and group samples. 

We also calculated entropy S within 0.1i?2oo for the sources 
from the zO.l sample with temperatures obtained by spectral anal¬ 
ysis. We used h‘^^^(z) S = kTjrdJ^, wh ere R 200 is the radius at 
an overdensity of 200 jArnaud et alj2005l) . kT is the ICM temper¬ 
ature and rie is the electron density, was calculated as described 
in Section lrTl The results are shown in Figure [T 2 I 

We obtained a regression l ine fo r the S — Tx relation, again 
using the lAkritas & Bersha^ j 19961) orthogo nal BCES method , 
and obtained a shallower slope than that of IPratt et aD l l2010l) 
(0.63 ± 0.13 vs 0.89 ± 0.15). Our slope does however lie within 
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Temperature (keV) 



Temperature {keV) 


Figure 11. ICM luminosity vs temperature for the temperatures obtained by 
spectral analysis. Empty squares denote the zO. 1 sample and filled squares 
the ERA sample. The solid line shows the L x — Tx re l ations hip from the 
combined samples, and the dashed line shows lftatt et alJ j2009|Vs Lx— Tx 
relation for clusters. Also shown is the relation from IStott et alj j2012h for 
their sub-sample of clusters containing radio galaxies (dotted line). 


Figure 12. Entropy vs temperature for the zO.l sample temperatures ob¬ 
tained by spectral analysis. Empty circles are LERGs and filled circles are 
HERGs. The solid line sh ows the S — Tx re lationship from the zO. 1 sample 
and the dashed line shows iftatt et alJ bOlOlT s S — Tx relation for clusters. 


the range of results from the literature cited by IPratt et aD 1I2OIOI) 
(slopes of 0.49 to 0.92). If, as discussed in Section[T] interactions 
form part of the triggering process for HERGs, we would expec t 
them to have high entropy for their temperature. IPratt et aD 1 I2OI OI) 
noted that disturbed clusters tend to have high entropy compared 
with relaxed clusters of the same temperature, and indeed all but 
one of our HERG sample lie above their regression line. 

Overall, there is no systematic evidence that the luminosities 
of our sample of radio galaxies differ from those of galaxy groups 
and clusters that do not host radio-loud AGN, so our use of lumi¬ 
nosity as a proxy for total cluster mass is reasonable. Our entropies 
tend to be high, which is likely to be at least in part due to clusters 
being disturbed, but are still within the ranges cited in the literature. 


5.3 Comparison with optical measures 

We would expect a correlation between different measures 
of cluster richness, though wit h a fair amount o f scat- 
ter (e.g . lYee & Ellineso ^20031 : iLedlow et al.l I 200 I 113). 
iRamos Almeida et alj j2013l) have calculated the galaxy- 
quasar spatial covariance function {Bgq) for the 2Jy sample. 
We therefore compared these with the ICM luminosities for the 
2Jy sources within our zO.l sample (Figure [13. A generalised 
partial r showed a correlation at the 3 (t level (Ta ble |3- We 
used the Buckley-James method jlsobe et al.l Il986h to obtain 
a regression line including the upper limits in Lx', this gave 
logioLx = (0.0014±0.0003)B3g + (42.58±0.59). The amount 
of scatter compromises the relationship’s utility as a scaling 
relation, and the two measures were taken within different radii 
(170 kpc for Bgq and R 500 (median 600 kpc) for Lx)- However, 
the strength of the correlation shows that overall results from the 
two measures should be comparable. 



Bgq (Ramos Almeida et al. 2012) 


Figure 13. ICM luminosity vs galaxy-quasar spatial covariance function 
Baa for the 2Jv sources in t he zO.l sample. Bgq values were taken from 
iRamos Almeida et al.l i2013h . Empty circles are LERGs and filled circles 
are HERGs. The solid line shows the regression line for the data, and the 
dotted lines the Icr scatter. 


5.4 Implications 

Our results add evidence for a difference in cluster environments to 
the increasing wealth of data supporting a dichotomy in the popula¬ 
tion of radio-loud AGN, and provide supporting evidence for mod¬ 
els that involve the different accretion cycles of the high and low ex¬ 
citation sources. This difference in cluster environments may also 
play a part in modifying radio galaxy polarisations, as suggested by 
lO’ Sullivan et alj i ItOIsI) . who recently reported a dichotomy in the 
integrated degree of polarisation of HERGs and LERGs. 
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5.4.1 LERG results 


The strong correlations between radio luminosity, ICM luminos¬ 
ity and central density for LERGs supports the concept of some 
form of relationship between ICM properties and jet power. This 
could provide corroborative evidence for a stable , long-lasting 
feedback cyc le as demonstrated in the simulations of lGaspari et al.l 
( l2012ll2013h . in which matter is driven outwards by the jets and 
falls inwards from the ICM when the central conditions become 
favourable. The pressure of available gas in the ICM will af¬ 
fect the flow of gas into the nucleus, which will in turn affect 
the accretion rate and the jet power. There will be some varia¬ 
tion as the central regions heat up and then cool again as the gas 
clumps accrete and disperse and are recharged, and this may be 
one of the several factors that could contribute to the scatter in the 
Lh — Lx plot. Other possible factors that might add scatter to the 
relationship are discussed briefly in 113 - the scatter in the rela- 
tionship between mechanical jet power and total radio luminosity 


(e.g.fBirzan et al.ll2008l : Cava gnolo et al.l2010l : lGodfrev & Shabalal 

I 2 OI 3 I : iHardcastle & Krausel 2013t) and the effect of differences in 
central gas properties (which are not correlated with ICM lumi¬ 
nosity, e.g. ICroston et al.l 120085) on jet power. It might b e that 
the cyclic variations suggested bv ICaspari et alj ( 120 121 . 1 20 15) could 
contribute to both these issues. 

An alternative explanation for the correlation is that it 
results at least in pa r t from ‘environmental bo osting’ (e.g. 
iBarthel & AmaudI 19961 : IHardcastle & Krausel20131) , where for a 
given jet power, a richer environment increases the radio lumi¬ 
nosity. However, this effect should apply equally to both HERGs 
and LERGs. The fact that the individual HERG samples show no 
correlation suggests that an explanation based on fuelling mech¬ 
anism such as that described above is more likely. It also sug¬ 
gests that the environmental boosting may be counteracted by an¬ 
other mechanism. Entrainment is expected to increase with envi- 
ron ment density and reduces rad io luminosity relative to jet power 
(ee. lCroston & Hardcastleir20l4) . and so works in the opposite di¬ 
rection to environmental boosting. 


5.4.2 HERG results 


Turning to the HERGs, the lack of correlation between the ra¬ 
dio luminosity and cluster properties for the individual samples 
suggests that the ICM does not have a major role to play either 
in powering the system or in controlling the luminosity of the 
lobes. This fits in with the theory that HERGs accrete at a rela¬ 
tively high rate from an accretion disc maintained by a local reser¬ 
voir of cold g as, probably originating from galaxy interactions and 
mergers (e.g. IHardcastle et al.ll2007a : iRamos Almeida et alj|201 j ; 
iTadhunte r et ^ ]2014l). Gas ingestion from the ICM as described 
by Gaspari et al.l j201^ is sufficient to fuel even the most power¬ 
ful LERG jets, and is also sufficient to fuel low-power HERGs. It 
could not however maintain the accretion rates required to power 
the jets and nucleus of more powerful HERGs. The richness of the 
ICM would therefore be largely irrelevant and no correlation is to 
be expected. 

If the difference between the HERG environments in the ERA 
and zO. 1 environments does indicate evolution, then this is very 
interesting. At high redshifts (z > 1), radio galaxies are typi- 
cally seen in richer environments than sim ilar radio-quiet galaxies 
jWvlezalek et al.l|2013l; lllatch et al.l|2014|) . but by 2 ~ 0.5 we are 
finding radio galaxies in groups and poor clusters. This may be due 
to cosmic downsizing — as the gas density in the vicinity of the 


black hole depletes as a result of AGN activity and star formation, 
then the conditions required for HERGs to be triggered, such as 
mergers bringing new gas into the host galaxy, occur in poorer en¬ 
vironments as redshift reduces. However, although the minimum 
environment richness at 2 ~ 0.1 is lower than at 2 ~ 0.5 (as would 
be expected from cosmic downsizing) the maximum richness of the 
environments is the same. Thus there must be additional processes 
involved. 


6 CONCLUSIONS 

We have compared low frequency radio luminosity with the rich¬ 
ness of the cluster environment for a sample of 55 radio-loud AGN 
lying in the redshift range 0.01 ^ 2 ^ 0.2. The sample covered 
three decades of radio luminosity and contained 25 high excitation 
and 30 low excitation sources. We used the X-ray luminosity of 
the ICM as the measure of cluster richness. The X-ray observations 
were taken from the Chandra and XMM-Newton archives. 

We found: 

• For the complete zO. 1 sample, a weak correlation between ra¬ 
dio luminosity and cluster richness; 

• For the LERG sub-sample, strong correlations between radio 
luminosity, cluster richness and central density; 

• For the HERG sub-sample, no correlation between radio lumi¬ 
nosity and cluster richness, or between radio luminosity and central 
density; 

• The core radii of the LERGs were on average larger than those 
of the HERGs. 

These results were similar to those of our previous study (113), 
which used the ERA sample, containing 26 sources at higher red¬ 
shift (0.4 ^ 2 0.6). We compared the results for 2 ~ 0.1 and 

2 ~ 0.5, and found: 

• For the two LERG samples, the slopes and normalisations of 
the radio luminosity-ICM richness correlation were very similar, 
giving a very strong correlation. This suggested that there had been 
no evolution with redshift since 2 ~ 0.5, and we found no signif¬ 
icant difference between the cluster environments of the two sam¬ 
ples; 

• Although the HERGs in both samples had similar maximum 
environment richnesses, the lower redshift sample also included en¬ 
vironments much weaker than any seen in the ERA sample, giving 
tentative evidence of evolution of the environment; 

• The HERGs occupied groups and clusters with more compact 
central regions than the LERGs, suggesting that HERGs may have 
a greater concentration of gas near the host galaxy than LERGs; 

• We found the luminosity-temperature relation for our samples 
to be compatible with Lx — Tx relations derived for general sam¬ 
ples of clusters and groups, suggesting that the environments occu¬ 
pied by radio-loud AGN are similar to those of typical clusters. 

The evidence of a difference between the HERG and LERG 
large-scale environments is now strong, so we next intend to in¬ 
vestigate relationships between the ICM and other factors where 
differences have been found between the two types of AGN. 
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The scientific results reported in this article are based on 
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ware provided by the Chandra X-ray Center (CXC) in the appli¬ 
cation packages CIAO and CHIPS, and of the XMM-Newton Sci¬ 
ence Analysis Software (SAS). This research also made use of 
the University of Hertfordshire high-performance computing facil¬ 
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APPENDIX A: NOTES ON INDIVIDUAL SOURCES 
Al 3CRR sources 

3C 28 (Al 15-N, PKS 0053-1-26) is a LERG with FRII morphology. 
Its host is one of a pair of merging clusters and is highly asymmet¬ 
ric, and the disturbance is visible in the surface brightne ss profile. 
Both clusters are rich - iGutierrez & Krawczvnskil l l2005h obtained 
values of around 5 keV for the individual clusters away from the 
merger and 8 keV for the plasma between the clusters. Because 
we are interested in the full environment around the host galaxy, 
we included parts of both regions and obtained a temperature of 
6.61(^Q’4g keV. This lies withi n the upper bou nd of the temperature 
of 5.35^J gg keV obtained bv ISheltOT l l201 ih . 

Our luminosity lies very close to the value ex pected from the 
Lx — Tx relation. It is higher than that obtained bv lshelto^ l l20Ilh 
— our surface brightness profile is substantially wider, perhaps 
because of our use of double background subtraction and double ft 
modelling. 

3C 31 (NGC 383) is a LERG with a massive central rotating disc 
of molecular gas jOkuda et alj|200^ and FRI morphology. Our 
temperat ure of 1.53 rL 0.3 keV is con siste nt with the those ob¬ 
tained b ylKomossa & Bohrinsej h999l) and ICroston & Hardcastld 
( l2014h . iHodges-Kluck et alj j201(]|) found a higher temperature 
(2.0jlQ g 2 keV) in the central regions with a Chandra observation. 

3C 33 (PKS 0106-H13) is a Narrow Line Radio Galaxy (NLRG) 
with FRII morphology lying in a weak environment. The radio 
outburst is thought to be e nergetic enough t o eject a significant 
fraction of the corona gas l lKraft et alj 120070 . We detected very 
little emission beyond the host galaxy. The counts are low so we 
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obtained an estimated temperature (1.1 keV). This is typical of a 
group environment. 

3C 35 is als o an NLRG with FRII radio structure in a weak 
environment. iMannering et alj ( 1201 3h report a gas ‘belt’ lying 
around the source between the lobes and extending out to about 
170 kpc - not far short of our detected radius of emission. 
We found a broad surface brightness profile and an estimated 
temperature of 1 keV, very simila r to the spectral temperature 
obtained by IMannering et aP ( 1201 3ll using combined Chandra and 
XMM-Newton observations. 

3C 66B is a LERG with FRI morphology. Our tempera¬ 
ture o f 1.7 keV is compatible with that of ICroston et al.l 
( l2008al) . but we obtained a higher luminosity (3.171 q j 2 vs 
1.07^0 24 ^ 10^^ SI'S The reason for the discrepancy is 
not clear, but could relate to the use of an improved background 
subtraction method in this work. 

3C 76.1 is a LERG with FRI plumes spreading across a large 
propo rtion of the detecte d environment, which we found to be 
weak. iMiller et ^ ( Il999ll . using the ROSAT All-Sky Survey, did 
not detect any extended emission. Because of the low counts (this 
was a short observation), we could not fit a double-/? model. We 
used an estimated temperat ure of 0.65 keV. This i s lower than the 
0.912 q j 4 keV obtained by ICroston et al.l ( l2008al) with an XMM- 
Newton observation; our luminosities are however compatible. 

3C 98 (PKS 0356-hIO) is an NLRG with FRII morphology in 
a weak environment with the detec ted emission not e xtending 
far beyond the host galaxy. Again, iMiller et'H] d 19991) did not 
detect extended emission. We used an estimated temperature 
of 0.62 keV. This was lower than the I.I+q'j keV obtained by 
iHodges-Kluck et ^ (1201 Ol) within a smaller radius. 


tent with iHodges-Kluck et al.l ( l2010l) . lHardcastle et al.l ( l2007cl) ob¬ 
tained a lower temperature of 0.64 keV with a MEKAL model; we 
found compatible results when we replaced our APEC model with 
a MEKAL model. 

Our surface brightness profile, generated with a double /? 
model and double b ackground subtraction, g ave a wider profile 
than that obtained bv iHardcastle et ahl ( l2007ch . and our luminosity 
is consequently higher - O.SOlg;^! vs 0.19lg;i x lO"^® erg s“^. 


3C 293 is a LERG with FRI plumes in a weak environment. It is 
a double-double source with estimated ages of ^ 20 Myr for th e 
outer lobes and <0.1 Myr for the central sour ce djoshi et alj201 1 ), 
and has strong, jet-driven outflows of gas dMahonv et al.l 20131 ; 
iLanz et ^l2015h . We obtained a temperature of 0.78 keV - a weak 
group temperature. We found the emission to be under-luminous 
for its temperature. 


3C 296 (NGC 5532, PKS 1414-hII) is a LERG with FRI mo rphol- 
ogy and occupies a group environment - IMiller et alj d 19991) found 
4 galaxies in the group. The source is relatively near and the emis¬ 
sion extends to just beyond the imaging chip. We therefore could 
not use double subtraction for modelling the profile, but were able 
to use one of the outer chips to model the background and so used 
dou ble subtraction for the s pectral analysis. 

ICroston et al.l d2008al) . using an XMM-Newton observation, 
obtained a temperature of 0.9 keV over a 50-600 arcsec region 
(larger than was available with our Chandra observation), but 
found that the temperature was higher (~ 1.4 keV), albeit with 
large errors, towards the centre. We also found that the temperature 
dropped gradually beyond around 150 arcs ec, and so used the 
tempe rature within this region (1.6 keV). iHodees-Kluck et ^ 
d2010l) found the temperature to be 4 keV within a similar region , 
which is high compared with the results of ICroston et alj d2008al) 
and our current work. 


3C 192 (PKS 08024-24) is another NLRG with FRII morphol¬ 
ogy in a weak environment. This was a short observation, and 
although the emission extended beyond the host galaxy, there were 
insufficient counts to fit a double-/? model. We used an estimated 
temperature (0.8 keV). 

3C 219 is a Broad Line Radio Galaxy (BLRG) with FRII mor- 
phology. It may be re cently re-triggered after a dormant period 
dWeil & Robertsll2014l) as it has a small jet within a well-formed 
pair of lobes with a classical double structure. 

The temperature (1.5 keV) and luminosity (5.2 x 10^® erg s“^) 
are those of a group, and are compatible with those obtained by 
ISheltoiJ lioTIh . 


3C 236 is a LERG with massive FRII lobes extending well 
beyond the imaging chips. It is a double-double, with outer lobes 
of 4 Mpc in extent and inner lobes of 2 kpc dTremblav et al.l 
I 2 OIOI). It is thought to have been reactivated about 10® years 
ago dLabiano et aP 1201^ . We found a weak environment, with 
insufficient counts for spectral analysis. Our estimated temperature 
of 1.2 keV is that of a group environment. 


3C 285 is an NLRG with FRII morphology in a highly disturbed 
group environment. The host gal axy is also highly disturbed, proba¬ 
bly as a result of a recent merger ( Allenjtak^OO^, and is currently 
interacting with another galaxy ( Baum et ^ 19981) . We obtained a 
temperature of 0.94 <q'22 keV for the extended emission, consis- 


3C 303 is a BLRG with FRII structure at a steep angle to the 
viewer, and we found emission typical of a group environ¬ 
ment. The observation had some pile-up, so we excluded the 
central 1.5 arcsec in the surface brightness profile. Our temper- 
ature and lumi nosity are slightly lower than those obtained by 
ISheltorJ d201ll) - 0.941^3 vs ^ keV and 0.76lo;li 

vs 0.92 ± 0.06 X lO’^® erg s“’^. Our luminosity is a little high 
compared with the Lx — Tx relation, but within the scatter. 

3C 305 is a NLRG with a halo around t he host galaxy, probabl y 
of material being driven out by the jets dHardcastle et al.l [20121) . 
It has unusual FRII lobes spreading at rig ht-angles to the jet s. In 
common with iHardcastle et aP d2012h and IMiller etZl dl999h . we 
found little evidence of ICM emission beyond the host galaxy, and 
so we derived upper limits for this source. 

3C 310 (PKS 15024-26) is a LERG with wide FRI plumes and 
a disturbed environment containing a large cavity, filamentary 
structure and a sh ock front at about 180 kpc from the nucleus 
dKraft et al.ll2012l) . The emission extends beyond the observing 
chip, but we were able to use one of the outer chips to model the 
background for the spectral analysis. We obtained a temperature of 
1.9 keV, typical of a strong group or weak cluster. 

3C 321 (PKS 15294-24) is an NLRG with FRII mo rphology in 
the p rocess of merging with a neighbouring galaxy dEvans et al.l 
I 2 OO 8 I) . The environment is weak and highly disturbed; we found 
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little emission beyond the host galaxy and had low counts, so we 
used an estimated temperature of 0.87 keV. 

3C 326 (PKS 1550+20) is a LERG with large FRII lohes extending 
heyond the imaging chip. It shows evidence of molecular reservoir s 
thought to he formed hy positive feedback dNesvadba et akll^Ollh . 
The host galaxy has a nearby companion. We found the envi¬ 
ronment to he wide and flat and fairly weak. We had insufficient 
counts for spectral analysis so used an estimated temperature of 
1.9 keV. 


3C 338 (NGC 6166) is a LERG with ERI morphology, lying 
in the cluste r Abel l 2199. The cluster is highly disturbed, and 
iNulsen et alJ ( 1201 3h discuss a variety of features in the cluster 
plasma including a shock front at 100 arcsec and a large plume ex¬ 
tending to about 50 arcsec probably resulting from a cluster merger. 
These are visible in our surface brightness profile. 

The emission extends well beyond the imaging chip so double 
subtracti on was not po s sible for either the profile or the spectral 
analysis. iNulsen et al.l (1201 3h give a detailed temperature map 
of the centre of the cluster showing complex structure, and we 
obtained temperatures rising from a cooler centre in line with their 
results. Our overall temp erature of 4.63 ± 0.0 8 keV is consistent 
with those rep orted by iKaastra et al.l (Il999h (using a ROSAT 
observation) and iHodges-Kluck et al. '( l2010l) . 


3C 346 (4C 17.70, PKS 1641+17) is an NLRG with FRI mor¬ 
phology lying in a w eak clus t er. Ou r temperature of 2.8 keV is 
consistent with th at of SheltonI (201 ih . Our profile shows the same 
features as that of ISheltorJ d201 lh .~^t has a much larger detected 
radius and a shallower outer slope, perhaps due to improved back¬ 
ground modelling from the double subtraction. Our luminosity is 
therefore substantially higher (10.8 vs 0.65x 10“^® erg s“^) and lies 
close to the Lx — Tx relationship. 


3C 386 (PKS 1836+17) is a LERG with broad Ha lines in the 
spectrum dSimpson et al.|[l99^ and FRI lobes. The observation 
had low counts after background subtraction so we were unable 
to fit a double-/? profile. There were insufficient counts left after 
subtraction of the Chandra blank sky files to obtain a background 
for the spectral analysis so we used single subtraction using a 
background from the observing chip to obtain the temperature, 
which was that of a group (1 keV). 


blank sky files were not accurate for this region or that the effects 
of the pileup extended across a wide energy range. We therefore 
used an estimated temperature for this source. 


3C 433 (4C 24.54, PKS 2121+24) is an NLRG with hybrid 
FRI/FRII morphology in a group environment. The northern lobe 
is very bent, perhaps due t o interaction with the surrounding ICM 
dHodges-Kluck et al.ll2010l). We obtain ed a temperature consistent 
wi th that oflHodges-Kluck et"^ d2010l) . but slightly lower than that 
of SheltonI ( 2011 ). Our luminosity is higher than that of IShelto^ 
d201lh -0.24+S'n^ vs 0.05 ± 0.01 x 10'‘® erg s'^ - but lies on the 
Lx — Tx relationship. As with 3C 28, our model ling methods re - 
sulted in a much wider profile than that obtained bv ishelton d201ll) . 


3C442A (PKS 2212+13) is a LERG with F RI plumes, hosted b y 
the interacting galaxy pair NGC 7236/7237 dWorrall et alj|2007h . 
with filaments from the interacting galaxies and a ridge st r ucture 
between the plumes dHardcastle et al.il2007cl) . |Worrall et H] d2007l) 
found no evidence of an active jet, and suggest that the jets may 
have been stopped by an excess of central gas pressure resulting 
from the merger. The system lies in a weak cluster, and extends 
beyond the imaging chip. We could not obtain a background 
from the outer chips so used the Chandra blank sky files for the 
background for the sp ectral analysis. We obta ined a temperature 
consistent with that of iHardcastle et all d2007cl) . and a luminosity 
close to the Lx — Tx relation. 


3C 449 is a LERG with FRI plumes extending well beyond the 
imaging chip, and is relatively close, so the environment emission 
extends beyond the chip. It has a 600 pc dust disk whi ch, unusually, 
lies nearly parallel to the jet iTremblav et alj|2006t) . The surface 
brightness profile is wide with an unusually shallow slope, though 
well constrained by the MCMC modelling. 

Our temperature of 1.66lg'Q® keV is higher than t hat ob- 
tained from a XMM-Newton observation by ICroston et all ( l2008al) 
(0.98 ± 0.02 keV) , but w as measured over a smaller region. 
iHodges-Kluck et ^ ( l2010l) obtained a temperature of 1.58 ± 
0.06 keV over a smaller region still; their modelling included the 
contribution of the host galaxy, which we excluded. 

Our luminosity of 1.751 q28 x 10**^ erg s“^ is 
slightly higher than that obtained by ICroston et al.l (l2008al) 
X 10"^® erg s ^), but because of our higher temperature, 
our luminosity is calculated within a larger radius. 


3C 388 is a LERG in a clust er with cavities ar ound its FRII lobes 
and a sub-cluster to the east dKraft et al.ll2006h . The emission ex¬ 
tends beyond the imaging chips, but we were able to use a side 
chip to model the background. We found a cluster temperature of 
3.5 keV. 

Our temperature and metallicity for the extended ICM agree 
with the results of Kraft et al., but our tempera t ure is slightly 
higher than that obtained by iHodges-Kluck et H] ( l2010h ; this is 
probably due their use of a different (frozen) metallicity. 

3C390.3. This BLRG has fast gas outflows from the central regions 
dTombesi et al.ll20l^ . It has FRII morphology and is in a strong 
environment. The ICM emission extends beyond the imaging chip, 
and the observation also suffers from considerable pileup. The 
temperature we obtained using single subtraction with the Chandra 
blank sky files was low for such bright emission (< 1 keV). We had 
very few counts left after the Chandra blank sky subtraction and 
could not analyse a background spectrum, so it is possible that the 


3C 452 is an NLRG with FRII morphology. There is a lot of X-ray 
emission associated with the radio structure, but beyond this the 
environm ent is poor. Hav ing excluded the emission associated with 
the lobes. ISheltord d201lh found a temperature of 1.18 ± 0.11 keV 
in the inner 160 arcsec, and 0.86jlg Q 5 keV beyond. We also found 
that the temperature dropped as the radius increased, but had a 
slightly higher temperature of 1.32/'/g Qg keV in the central region. 

3C 465 is a LERG with large, bent FRI plumes lying in a cluster. 
The cluster has a cool core with th e temperature increasi ng to 
around 5 keV before levelling off dHardcastle et al.l l2005h . We 
obtained an ov erall temperature o f 4.43 jln'9® keV, consistent with 
the re sults of IHardcastle et al.l d2005h and iHodges-Kluck et ^ 

d2010l) . 

4C73.08 is an NLRG with FRII morpholo gy lying in a wea k 
environment with unusual radio features dStrom et iD I 20 II) . 
We did not detect much emission beyond the host galaxy and 
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could only fit a single-/? model. IChen et ^ ( 12012l) identified 
9 group members. Our temperature of 1.4 keV seems a little 
high for the weak environment, and we found the ICM under- 
luminous for the temperature compared with the Lx — Tx relation. 

DA 240 is a LERG with large FRII lobes. Although it lies in a 
respectable group of more than 30 galaxies dChen et alj|20113) . 
iMiller et"^ d l99^ failed to detect any X-ray emission from the 
ICM with a ROSAT observation. We likewise detected no emission 
beyond the host galaxy, and so obtained upper limits on the 
temperature and luminosity. 

NGC 6109 (4C 35.40) is a LERG with a long narrow-angl e-tail 
plume lying in a group of 13 galaxies dMiller et al.l 1 1999h . We 
found a weak environment beyond the host galaxy, but had 
insufficient counts to obtain a spectrum. We obtained an estimated 
temperature of 0.9 keV. 

NGC 6251. This LERG has large FRI plumes extending beyond the 
imagin g chip. It lies in a group of at least 20 galaxies dChen et al.l 
I 2 OI Ibh . and we detected emission extending beyond the chip. We 
could not model the background on the outer chips, so obtained the 
temperature using the single subtraction method with the Chandra 
blank sky files. We obtained a range of temperatures ranging from 
~ 1 to ~ 2.5 keV from different regions, and used an intermediate 
result of l.SSto 03 keV, compatible with that found bv lEvans et al.l 
d200.5h using XMM-Newton observations. 

We found a much higher luminosity than lEvans et^ d2005l) 
(0.44 ± 0.07 vs 0.07 ± 0.01 x lO"'® er ps~^), but a slightly lower 
luminosity than that which Ichen et al.l d2011bli estimated from the 
galaxy velocity dispersions (~ 0.57 x 10 "^^ erg.s~^. Our su rface 
brightness profile was wider than that of Ie vans et alj ( l2005h and 
had a shallower /?. This may be because our Chandra observation 
ha d a much smaller P SF than the XMM-Newton observation used 
by lEvans et^ l l2005l) . allowing a more detailed modelling of the 
surface brightness profile, or because the Chandra blank sky files 
underestimated the background emission. Our result is however 
close to the Lx — Tx relation. 

NGC 7385 (4C 11.71) is a LERG with small FRI plumes. 
iMiller et"^ d 19991) found a weak extended environment with a 
group of 17 galaxies; we found very few counts beyond the host 
galaxy emission and so obtained upper limits for the temperature 
and luminosity. 


not model it separately. We found a temperature typical of a 
group/weak cluster (1.6 keV). 

PKS 0213-13 (3C 62) is an N LRG with small FRII lobes in a 
weak environment (Bgq ~ 60 - iRamos Almeida et alJl^oTsh . We 
detected little emission beyond the host galaxy, and had insufficient 
counts for a double-/? model or for spectral analysis. Our estimated 
temperature of 0.85 keV is typical of a weak group. 

PKS 0349-27 is an NLRG with FRII r norph ology and extended 
regions of ionised gas dGrimberg et al.l [l999l) . perhaps resulting 
from a previous merger. We found a temperature typical of a 
weak group environment (0.86 keV): lRamos Almeida et al.ld2013h 
found a stronger Bgq than we would expect for that temperature 
(Bgq ~ 200). 

PKS 0404-t03 (3C 105) is an NLRG with FRII morphology. 
iRamos Almeida et alj d2013h found that it lay in a weak environ¬ 
ment (Bgq ~ 80). The observation time is short, and we found 
only very slight evidence of ICM emission beyond the host galaxy. 
We therefore derived upper limits for this source. 

PKS 0442—28. This is also an NLRG with FRII morphology. We 
found no evidence of ICM emission beyond the host galaxy, so 
derived upper limits for this source. There are however several 
galaxies close to the host, and IRamos Almeida et alj d2013h found 
a Bgq of ~ 450. 

PKS 0620—52 is a LERG with ERI plumes l ying at a steep angle to 
each other. It lies in a cluster (Bgq ~ 900 - IRamos Almeida et al.l 
I 2 OI 3 I) . The emission extended beyond the imaging chips, and we 
were also unable to use a side chip to model the background. We 
used the Chandra blank sky files for the background for both the 
profile and the spectral analysis. Our temperature of 2.8 keV is 
typical of a weak cluster. 


PKS 0625—35. Th is source ha s an op tical classification of LERG, 
but is c lassified bvlWills et alj (120041) as a possible BL Lac object 
and by iGliozzi et aL ( 20081) as a LERG. It has FRI morphology 
and l ies in cluster A 3392 (Bgq ~ 5000 - IRamos Almeida et al.l 
I 2 OI 3 I) . We obtained a cluster temperature (3.5 keV). The emission 
extended beyond the imaging chip so we used the Chandra blank 
sky files for the background for both the profile and the spectral 
analysis. 


A2 2Jy sources 

PKS 0034-01 (3C 15) is a L ERG with small FRII lobe s in a 
weak environmen t (Bgq ~ 90 - IRamos Almeida et aLllTOf^ . Like 
iRinn et ^ ( l2005l) . we found insufficient evidence of ICM emission 
for analysis so we calculated upper limits for the temperature and 
luminosity. 

PKS 0038-t09 (3C 18) is a BLRG with small FRII lobe s in a weak 
environment (Bgq ~ 35 - IRamos Almeida et alj|20f3) . The short 
observation time gave us insufficient counts for spectral analysis, 
so we used an estimated temperature of 1.8 keV. 


PKS 0625—53 is a LERG with a FRII morphology lying in a dis¬ 
turbed cluster (A 3391). The emission extended beyond the imag¬ 
ing chip but we were able to use the spectrum from one of the side 
chip s to model the bac kground. We obtained a higher temperature 
than fFrank et aD( l2013l) (6.84+° ft vs 5.21 ± 0.03 keV). This dif¬ 
ference is in line with that expected from the reported difference 
between temperatures obta ined using Chandra and XMM-Newton 
JSchellenberger et alj2015l) . 

This is our hottest ICM, although not the most luminous, and 
it lies slightly below the Lx — Tx relation - the XMM-Newton 
temperature of iFrank et al.l (1201 3l) would bring the source onto the 
Lx — Tx relation. 


PKS 0043—42. This is a spectroscopic LER G with FRII morphol¬ 
ogy lying in a weak cluster (Bgq ~ 250 - 


Ramos Almeida et al 


201_3) and with evidence of a dusty torus ( IRamos Almeida et al 


201 ll) . The host galaxy was small in angular extent so we could 


PKS 0806-10 (3C 195). The ho st galaxy of PKS 0 806-10 may be 
interacting with a nearby galaxy dlnskip et al.|2010[). It is an NLRG 
with FRII morphology. Although Ramos Almeida et al.l ( 1201 3l) 
found a strong group/weak cluster environment (Bgq ~ 600), we 
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found little emission beyond the host galaxy so used an upper limit. 


PKS 0915-11 (Hyd A, 3C 218) is a LERG with FRI morphology 
lying in cluster Abell 780 (Bg, ~ 800 - iRamos Almeida et al. 
200). There is a large shock at about 300 arcsec jSimionescu et al. 
20091) . The emission extended beyond the imaging chips, and we 
were also unable to use a side chip to model the background so we 
used the Chandra blank sky files for the background for both the 
profile and the spectral analysis. 

We obtaine d a temperature profile o f a very similar shape to 
that reported by ISimionescu et alj l l2009h using an XMM-Newton 
observation, but with a higher temperature in l ine with the Chandra 
and XMM-Newton difference repor ted by ISchellenberger et^ 
) l2015l) . iHardcastle & CrostonI ) l2010l) obtained a slightly higher 
temperature for a region nearer the nucleus, but it is compatible 
with our values for the temperature profile in that region. 


PKS 0945+07 (3C 227). There is a dust torus around this 
BLRG extending to ~ 0.5 kpc ivan der Wolk et ah II2OIOI) and 
an em ission line region extending to ~ 100 kpc 1 Prieto & Zhad 
Il997h. It is an FRII lying in a weak environment (Bgo ~ 80 


Ramos Almeida et al.l l2013h . The detected emission does not 


extend far beyond the host galaxy, so we had insufficient counts 
for spectral analysis. Our estimated temperature of 1.6 keV is that 
of a group environment. 


PKS 1559+02 (3C 32 7) is an NFRG w i th a possible double 
nucle us and dust lanes ide Koff et al.ll200d: iRamos Almeida et al.l 
[20nh . It has FRII radio morphology. IRamos Almeida et al. U 2 OI 3 I) 
found a strong group environment (Bgq ~ 500), but we found the 
ICM emission to be weak with a temperature of only 0.65 keV. 
The surface brightness profile is very wide and shallow, and we 
fixed the /3 parameter at the lower limit. Perhaps because of this, 
we found the luminosity to be high for the temperature compared 
with that expected from the Lx — Tx relation. 


PKS 1648+05 (Her A, 3C 348) is a FERG with radio characteris¬ 
tics of both FRI and FRII morphologies jSadun & Morrisonll2002h . 
It has a strong, distur bed environment, a secondary nucleus with 
a strong shock front jNulsen et al.ll2003) . and entrained gas and 
dust fil aments that may ha ve come from a now stripped companion 
galaxy dO’Dea et al.l2013l) . The shock front is clearly visible in the 
surface brightness profile. 

The emission extended beyond the imaging chip but we were 
able to use the spectrum from the outer regions to model the back¬ 
ground. Our temperature of 4.34 ± 0.11 keV is that of a moder¬ 
ate clu ster, and is consistent with t hose reported by iNulsen et al.l 
) l2005l) and iGizani & FeahvI ) l2004t) for the unshocked gas (us¬ 
ing a short er Chandra observation and a ROSAT observation re¬ 
spectively). iH^dcastlel&^Crost^ ([201^ obtained a slightly higher 
temperature from a smaller region nearer the nucleus and crossing 
the shock front; their temperat ure was compatible with a sim ilar re¬ 
gion in our temperature profile. IRamos Almeida et ^ 1 I 2 OI 3 I) found 
that PKS 1648+05 is in a strong group (Bgq ~ 500) — a weaker 
envi ronment than expected f rom our temperature. 

iGizani & LeahvI )|2004|) obtained a bolometric luminosity of 
4.84 X 10“*"^ erg s“^ within a radius of 500 kpc; we obtained a 
luminosity of 5.9 x 10"^“* erg s~^ within 938 kpc. 


profile, perhaps a result of the disturbance, with a tempe rature typ¬ 
ical of a group (1.4 keV). IRamos Almeida et all ( l2013l) . however, 
found a very weak environment (Bgq ~ 10). 


PKS 1839—48 is a LERG with a double nucleus 
jRamos Almeida e t alj I 2 OI II). It has FRI plum es and lies in a 
rich environment. Ramos Almeida et ^ 1 I 2 OI 3 I) found a Bgq of 
around ~ 1600, and we obtained a correspondingly high ICM 
temperature (6 keV). 


PKS 1949+02 (3C 403) is an NFRG with X-shaped, FRII 
morphology lying in a weak environment. We replicated the 
ISM temperature of 0.24 keV found by iHodges-Kluck et ^ 
feoioh . but had insufficient counts for spectral analysis of the 
extended emission. We therefore used an estimated temperature 
of 0.931 q j 2 keV. This is a little hotter than the ICM temper¬ 
ature of 0.6 ± 0.2 obtained by iHodges-Kluck et ^ ) |201(]|) . 
IRamos Almeida et alj ) l2013l) obtained a group-type environment 
(Bgq ~ 120 - 300). 

PKS 1954—55. This is a FERG with FRI morphology lying in 
a rich group environment (Bgq ~ 500 - IRamos Almeida et al.l 
l2013h . The emission extended beyond the imaging chips, but 
we were able to use a side chip to model the background for 
the spectral analysis. Our temperature is that of a weak cluster 
(2.9 keV). 


PKS 2211-17 (3C 444) is a LERG with cavities around 
its FRII lobes an d a large-scale shock at about 200 kpc 
dCroston et alj|201lh. It lies in a rich environment (Bgg ~ 1300 


Ramos Almeida et alj 20 111). We ob tained a similar temperature 


profile to that of Croston et ^ j201l|) . For this work, we used a 
temperature within an annulus excluding the central temperature 
dip and extending across a wider region, and our temperature 
and luminosity are consequently a little higher (T.IIIq j® vs 


3.5 ± 0.2 keV and 2.86t2;^3 vs 1.0 x 10'‘‘‘ 


ergs ^). 


PKS 2221—02 (3C 445) is a BLRG with FRII morphology which 
is thought to have disc winds coming from the central regions 
jBraito et alj 1201 ll) . IRamos Almeida et al.l )l2013l) found a weak 
environment (Bgq ~ 50). We had insufficient counts left after 
subtraction of the Chandra blank sky files to obtain a background 
for the spectral analysis, so we used single background subtraction 
for the temperature. Our temperatu re is that of a group ( 1.1 ke V), 
and is consistent with that found bv iHodges-Kluck et al.l OOld) . 


PKS 2356-61 is an NFRG with FRII lobes in a group environ¬ 
ment (Bgq ~ 450 - IRamos Almeida et alj|20l3l) . There were in¬ 
sufficient counts left after subtraction of the Chandra blank sky 
files to obtain a background for the spectral analysis. We therefore 
used single subtraction using a background from the observing chip 
to obtain the temperature, which was that of a group (1.2 keV). 
iHodges-Kluck et S] l l2010t) found a two-temperature ICM (3.0 and 
0.9 keV) but used a much smaller radius for the spectrum. We could 
not fit a second thermal component with our wider region. 


This paper has been typeset from a Tj^ FT^ file prepared by the 
author. 


PKS 1733—56. This source is a BLRG with FRII morphology 
lying in a disturbed environment a nd accreting gas from a merging 
galaxy ( iBrvant & Hunste^l2002l) . We found an unusually wide 










































































































